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ABSTRACT
Investigations of Substrate Reduction by Nitrogenase: Light Powered Substrate
Reduction by a CdS:FeMoco System and Understanding Dinitrogen Inhibition
of Electron Transfer
by
Hayden Kallas, Master of Science
Utah State University, 2021

Major Professor: Lance Seefeldt, Ph.D.
Department: Chemistry and Biochemistry
The nitrogenase enzyme catalyzes the reduction of dinitrogen gas to ammonium
and is responsible for making bioavailable approximately 50% of all biological nitrogen. Nitrogenase is a two-component reductase consisting of a Fe protein that
delivers electrons to the MFe (M = Mo, V, or Fe) protein where substrate reduction
is catalyzed. Despite years of research into the subject, much is still unknown about
the mechanism of substrate reduction and intramolecular electron transfer. Topics of
interest include isolating and characterizing the independent reactivity of the active
site cofactors and understanding the cause of dinitrogen inhibition of electron transfer rates. In this work, a novel method of studying the active site cofactor of the
nitrogenase enzyme is proposed and its viability as a research tool is examined. CdS
semiconductor nanoparticles were utilized to deliver electrons to the extracted active
site cofactor of the Mo nitrogenase for substrate reduction. Kinetic and spectroscopic
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methods were used to characterize the CdS:cofactor catalytic system and test its feasibility for use as an investigative tool for nitrogenase cofactor research. Evidence
of catalytically-active degradation products was uncovered by cofactor denaturation
control experiments. This discovery largely eliminated the proposed system as a
research tool.
Nitrogen inhibition of electron transfer rates in the holoenzyme was studied using multiple independent methods of enzyme kinetic measurements, evaluation of
ammonium and hydrogen quantitation methods, and manipulation of nitrogenase reaction conditions aﬀecting nitrogenase activity. Dinitrogen inhibition was found to
only occur in kinetic measurements relying on product quantitation. Investigations
of analytical methods resulted in the elimination of inaccurate product quantitation
as a sole cause of dinitrogen inhibition. The extent of dinitrogen inhibition was
found to be dependent on both pH and nitrogenase subunit ratio dependent but temperature invariant. The results presented here lead to the proposal of a novel and
unaccounted-for product of nitrogenase catalysis under N2 as an explanation for these
observations.
(109 pages)
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PUBLIC ABSTRACT
Investigations of Substrate Reduction by Nitrogenase: Light Powered Substrate
Reduction by a CdS:FeMoco System and Understanding Dinitrogen Inhibition
of Electron Transfer
Hayden Kallas
Nitrogen ﬁxation is a key step of the nitrogen cycle which makes biologically
inert N2 gas available for organisms to use in the form of ammonia. Nitrogen ﬁxing
microorganisms all contain the same enzyme called nitrogenase which catalyzes the
six electron transfers to N2 required for conversion into ammonia. Nitrogenase is a
two-component enzyme that contains a cofactor composed of iron and sulfur as well
as heavier metals whose identity can be molybdenum, vanadium, or an additional
iron atom depending on the variant. The two components of nitrogenase are the MFe
protein and the Fe protein. The Fe protein delivers electrons to the MFe protein
where N2 conversion to ammonia takes place. Two outstanding topics of interest
in the nitrogenase research ﬁeld are (1) how the iron-sulfur active site cofactor of
nitrogenase (FeMoco) interacts with the protein to facilitate electron transfer to substrates, (2) why electron transfer rates are sometimes slowed by N2 despite a long-held
understanding that the rate of electron transfer is substrate invariant.
The ﬁrst question was addressed by using CdS nanoparticles to deliver electrons
to the extracted active site cofactor of nitrogenase. This system allows the kinetics
of substrate reduction at the cofactor to be investigated in order to understand what
role the protein environment plays in reactivity. The CdS:cofactor system was characterized and its feasibility as an investigative tool was examined. The CdS:cofactor
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reductive system was found to be susceptible to decomposition resulting in the formation of multiple catalytic species; eliminating the current system as a mechanistic
investigation tool.
The second question was addressed by investigating what conditions and methods
of measurement determine if N2 inhibition of electron transfer is observed. Several
conditions were found to determine the extent of N2 inhibition observed including
pH,nitrogenase subunit ratio, and the method by which electron transfer is measured.
The results of these experiments led to the proposal of a novel, unaccounted-for
product of nitrogenase catalysis under N2 as an explanation for N2 inhibition.
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CHAPTER 1
INTRODUCTION

1.1

Nitrogen Fixation
Nitrogen is one of the essential macronutrients required for the biochemistry of

life and is crucial for synthesizing DNA, RNA, and proteins. The earth’s atmosphere
is 78% dinitrogen (N2 ) but nitrogen in this form is mostly inert and unable to be utilized by life due to its very stable triple bond (Cox (2015); Jia and Quadrelli (2013)).
Dinitrogen is converted to biologically useful forms by reduction to ammonia in a
process known as nitrogen ﬁxation which is catalyzed by microorganisms known as
diazotrophs. All diazotrophs contain the same oxidoreductase enzyme called nitrogenase, which binds N2 and catalyzes its stepwise reduction to two fully reduced
molecules of ammonia (Dos Santos et al. (2012); McGlynn et al. (2012)). Nitrogen
ﬁxation is the only “inlet” of gaseous nitrogen into the biogeochemical nitrogen cycle and therefore is responsible for all biologically derived nitrogenous compounds
including nitrites and nitrates (Cheng (2008); Thamdrup (2012)). Nitrates originally
derived from nitrogen ﬁxation are converted back to dinitrogen by soil bacteria in a
process called denitriﬁcation. This process, in conjunction with other ﬁxed nitrogen
“outlets”, creates the need for a constant inﬂux of ﬁxed nitrogen to maintain the
cycle (Ferguson (1998)). Approximately 50% of the ﬁxed nitrogen on earth today
is a product of nitrogenase catalysis, with the other 50% produced by Haber-Bosch
catalysts, which reduce N2 using H2 as a reductant (Canﬁeld et al. (2010)). The
Haber-Bosch reaction requires 3 mols of H2 for every mol of N2 reduced, and the
H2 utilized is obtained from natural gas. The process requires pressures as high as

2
340 atm and temperatures above 300◦ C for eﬃcient catalysis (Haber (1923)). Maintaining this pressure and temperature requires an enormous amount of energy with
approximately 2% of worldwide energy consumption devoted to the process (Smil
(2001)).

1.2

The Nitrogenase Enzyme
There are three known isozymes of nitrogenase, including the Mo, V, and Fe-

nitrogenases which are named after the metal located in the active site iron-sulfur
cofactor and translated from structural genes in the nif, vnf, and anf operons respectively. Mo-nitrogenase is by far the most well known of the three nitrogenases
and the most eﬃcient at catalyzing N2 reduction. The nitrogenase complex consists
of two proteins called the Fe protein and the MFe protein, where M can be either
Mo, V, or Fe (Bulen and LeComte (1966); Zumft and Mortenson (1975)). The Fe
protein is an ATP-dependent oxidoreductase that accepts electrons from ﬂavodoxins
and ferredoxins and uses them to reduce the MFe protein. The MFe protein uses
electron transferred from the Fe protein to catalyze substrate reduction at the active
site cofactor FeMoco, FeVco, or FeFeco, depending on the nitrogenase. NifH, the
Fe protein of Mo-nitrogenase, is a homodimer that is covalently linked together by
sulﬁde bonds to a solvent-accessible [Fe4S4] cofactor. The MoFe protein is an α-2,
β-2 heterotetramer translated from the nifD (α) and nifK (β) structural genes. The
MoFe protein contains two Fe-S clusters including the P-cluster [Fe8S7] and FeMoco
[Fe7MoS9C], with the latter catalyzing substrate reduction.
The active site cofactors of the three nitrogenase enzymes are nearly identical,
with the main diﬀerence between them being the identity of the metal atom incorporated in the Fe8 position of the cofactor (the Fe-nitrogenase has an Fe atom in this
position). One additional diﬀerence was brought to light by a recent crystal structure
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Fig. 1.1: Crystal structure of ADP-bound Mo-nitrogenase (pdb 2AFI). Electron transfer from Fe protein to FeMoco shown as successive electron transfer steps
of the V-nitrogenase, which revealed that a bridging sulﬁde is replaced by a carbonate
ligand (Sippel and Einsle (2017)). The exact structure of FeFeco has not been solved
but is proposed to be structurally homologous to FeMoco’s aside from the Fe-8 position. All three active site cofactors contain an interstitial carbide originating from
S-adenosylmethionine (SAM) (Boal and Rosenzweig (2012)). An additional oddity
of the nitrogenase active site cofactors is the small molecule homocitrate acting as a
bidentate ligand of Mo, V, or Fe heterometal position. The homocitrate molecule is
derived from TCA cycle intermediates processed by a homocitrate synthase enzyme
encoded by nifV, a gene of the nitrogen ﬁxation operon (Zheng et al. (1997)).

1.3

The Nitrogenase Mechanism and Kinetic Scheme
Nitrogenase catalyzes the reaction shown in equation 1 with the reducing equiv-

alents originating from either ﬂavodoxin or ferredoxin (Poudel et al. (2018); Segal
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et al. (2017)).
N2 + 8H + + 8e− + 16AT P → 2N H3 + H2 + 16ADP + 16Pi

(1.1)

The nitrogenase mechanism requires two ATP for delivery of one electron from the
[Fe4S4] of the Fe protein to the P-cluster of nitrogenase. The Fe protein to P-cluster
electron transfer is thought to occur after the P-cluster to FeMoco electron transfer in
what is called the “deﬁcit spending” model of electron transfer (Danyal et al. (2011)).

5

Fig. 1.2: Kinetic Schemes for Nitrogenase Catalysis (Top) Fe-protein cycle of nitrogenase. (Bottom) Thorneley-Lowe kinetic scheme for N2 reduction.
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After four Fe protein cycles, the MoFe protein reaches the E4 reduction state.
At this state, four protons are associated with the cofactor forming the E4(4H)
state which is capable of binding N2 . The E4(4H) hydrogen nuclei are not equivalent, with two existing as Fe-H-Fe bridging hydrides and the other two existing as
sulﬁde-aﬃliated protons(Lukoyanov et al. (2016, 2015)). Notably, any state that has
greater than 1 electron, and is not yet committed to nitrogen reduction, is capable
of evolving H2 , reducing the E-state by two in the process. The binding of N2 is
achieved by a reductive elimination/oxidative addition (re/oa) reaction that partially
reduces and binds N2 to form the E4(2N2H) state. The reductive elimination reaction forms the obligate molecule of H2 seen in the reaction stoichiometry of Equation
1.1 (Burgess and Lowe (1996); Simpson and Burris (1984)). The re/oa mechanism
was recently conﬁrmed to be the same mechanism employed to bind N2 by the Fe
and V-nitrogenases as well as making it universal among known nitrogenases (Harris
et al. (2019)). This was proven by a demonstration that titrating D2 gas into a N2
reduction reaction both inhibits NH3 activity and forms HD gas at a 2:1 HD to D2
stoichiometry. This is a result of D2 displacing bound N2 and repopulating the cofactor with bridging deuterides which are able to undergo hydride protonolysis to form
two molecules of HD gas.
Chapter II details the work done to develop a new method of investigating the
reactivity of the extracted iron-sulfur cofactor of Mo-nitrogenase using CdS nanoparticles as catalytic reductants. Key questions include whether FeMoco can be kept
structurally-intact upon isolation and whether productive CdS to FeMoco electron
transfer can be accomplished in a light-dependent manner.
Chapter III details investigations of the apparent inhibition of steady-state electron transfer rates in nitrogenase by N2 when compared to reactions conducted under
a 100% argon atmosphere. The work here addresses the following questions: Is the
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observation of N2 inhibition dependent upon the method of electron transfer measurement? Is N2 inhibition a form of product inhibition? What reaction parameters
control the amount of N2 inhibition observed? Can N2 inhibition be explained by
inaccuracies in product quantitation methods?
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CHAPTER 2
Light Driven Substrate Reduction by a CdS:FeMoco Catalytic System

2.1

Abstract
Nitrogenase is an enzyme that catalyzes nitrogen ﬁxation, the key step of the

nitrogen cycle that allows the element nitrogen to be used by life. The active site of
nitrogenase is a complex iron-sulfur cofactor containing either a Mo, V, or Fe atom
depending on the variant. The active site cofactor of the Mo-nitrogenase can be extracted without loss of structural integrity and retains many of the same catalytic
properties of the holoenzyme. Investigating the catalytic properties of the extracted
cofactor has been pursued as a means to understand the individual roles of the protein and iron-sulfur cofactor in the nitrogenase mechanism. Here, CdS semiconductor
nanoparticles were used as light-powered catalytic reductants of the Mo-nitrogenase’s
active site cofactor (FeMoco) to support substrate reduction. A combination of kinetic and spectroscopic analyses were used to characterize the extracted cofactor and
the behavior of the combined system to assess the viability of using the combined
system as a tool for FeMoco research. Key controls in which FeMoco was purposefully denatured prior to CdS-driven reactions revealed that byproducts of cofactor
decomposition are capable of equal or increased substrate reduction rates than the
intact cofactor. The resulting uncertainty in the data collected using the CdS:FeMoco
system largely disqualiﬁed it as a novel tool for FeMoco research.

2.2

Introduction
FeMoco (Figure 2.1) is the most complex known Fe-S cofactor and catalyzes the
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Fig. 2.1: Structure of the iron molybdenum cofactor of Mo-nitrogenase including
sidechain ligation.
active site chemistry of nitrogenase. The cofactor is ligated by the residues α-His442
at the Mo atom and α-Cys275 at the Fe1 atom of the cluster. Additionally, a bidentate homocitrate ligand coordinates the Mo atom of FeMoco through two carboxylate
groups. Remarkably, unlike many other Fe-S cofactors, FeMoco has historically been
demonstrated to retain its structure outside of the scaﬀold of the MoFe protein and
catalyze substrate reduction chemistry when suitable chemical reductants are added.
FeMoco was ﬁrst isolated by Shah and Brill using a citric and phosphoric acid treatment followed by an organic solvent extraction of FeMoco (Shah and Brill (1977)).
This procedure was then modiﬁed later by Mclean and colleagues who instead adsorbed MoFe protein to a DEAE cellulose anion exchange column prior to denaturation and cofactor extraction (McLean et al. (1989)). The proton reduction capacity
of extracted FeMoco was examined using a vitreous carbon electrode. FeMoco was
found to accept electrons and catalyze proton reduction at suﬃciently high potential
(-0.28 V vs NHE) when an external proton donor was added to the organic solvent
the cofactor was extracted into (Gall et al. (1999)). Additionally, a later group found
that acetylene (a commonly used substrate for verifying nitrogenase activity) was able
to be reduced by FeMoco to ethylene when sodium borohydride, a strong chemical
hydride donor, was added to FeMoco (Shah et al. (1978)). Later, CO, CN− , and
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CO2 were found to be viable substrates when SmI2 was used as a FeMoco reductant
(Lee et al. (2015)). Furthermore, while investigating possible intermediates of CO
reduction, Lee and colleagues found that the extracted cofactor is also capable of
catalyzing carbon-carbon bond formation in a manner analogous to Fischer-Tropsch
chemistry. When C1 and C2 aldehydes were used as substrates with Eu(II)-DTPA as
a reductant, the distribution was a mixture of semi- to fully-reduced C(1-4) products
(Lee et al. (2018)).
CdS nanoparticles were used previously to address a separate issue of nitrogenase research (Brown et al. (2016)). The dependence of Mo-nitrogenase on Fe protein
places many limitations on studies of the MoFe protein. The phosphate release step of
the Fe protein’s electron transfer mechanism limits the rate of substrate reduction by
the MoFe protein. This makes investigations of the faster mechanistic steps that occur within the MoFe protein diﬃcult if not impossible. The reliance on ATP and the
necessity to prevent an accumulation of ADP make reaction buﬀers for nitrogenase
research both complex and expensive. In order to maintain saturating concentrations
of ATP and non-inhibitory concentrations of ADP, creatine-phosphokinase, bovine
serum albumin (as a stabilizing agent), and phosphocreatine (a phosphate donor)
must be added to nitrogenase reaction buﬀers. Additionally, the requirement of Fe
protein for electron transfer prevents the electron donor’s potential from being manipulated as an independent variable. Due to these limiting factors of Fe protein-driven
catalysis, a system using cadmium sulﬁde nanorods as a catalytic reductant in place
of the Fe protein was developed as the ﬁrst catalytic system achieving near wild-type
N2 reduction rates without the Fe protein (Brown et al. (2016)).
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Fig. 2.2: Alternative Electron Transfer Schemes. (Top) Diagram of biological, Fedriven substrate reduction. (Middle) Substrate reduction by the CdS:MoFe biohybrid
system. (Bottom) Proposed scheme for the CdS:FeMoco system. (Figure adapted
from (Brown et al. (2016)).)

The CdS system utilized the semiconductor properties of the CdS nanorods to
excite electrons into the conduction band of the nanoparticles. The excited state potential of these nanorods can be as low as -0.8 V vs NHE making them very powerful
and easily controllable reduction catalysts. After electron transfer, the electron hole
created by the excitation and subsequent electron transfer event is then backﬁlled by
oxidation of buﬀer molecules or other reductants. The dimensions of the nanoparticles
can be adjusted by slightly altering the crystal growth parameters. Small adjustments
in the synthesis methods can produce a diﬀerent class of nanoparticles called quantum
dots that have the same basic properties of the nanorods but much smaller dimen-
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sions, lower extinction coeﬃcients, and much lower excited state potentials (as low as
-1.3 V vs NHE)(Gobbo (2009)).
The CdS nanoparticles used with Mo-nitrogenase eﬀectively accomplish FeMoco
reduction through the P-cluster intermediate although it unknown whether direct
reduction of FeMoco occurs as well. The CdS nanoparticles used in the Brown et
al. study were functionalized with surface thiolate ligands which theoretically should
have a high aﬃnity for the Fe-atoms of FeMoco. Additionally, FeMoco has been observed to be more stable in the presence of suitable ligands such as thiolates (Schultz
et al. (1990)). Because of the success with the CdS:MoFe biohybrids and the likely
suitability of the pairing based oﬀ of known properties of the cofactor, it was hypothesized that CdS nanoparticles should be able to be used as catalytic reductants
for FeMoco kinetic investigations (Figure 2.2). The work presented here details the
development and characterization of the FeMoco:CdS system.

2.3

Methods

2.3.1

Reagents and General Procedures

Unless otherwise stated, all reagents were purchased from Sigma-Aldrich (St.
Louis, MO) and used without further puriﬁcation. All gases (H2 , Ar, and N2 ) were
purchased from Air Liquide America Specialty Gases LLC (Plumsteadville, PA). The
Ar and N2 gases were passed through an activated copper catalyst to remove trace O2
contamination prior to use. All proteins, solutions, and buﬀers were prepared under
Ar or N2 on a Schlenk Line.

2.3.2

Enzyme Growth and Puriﬁcation

Azotobacter vinelandii strains DJ995 (MoFe protein with an α chain C-terminal
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polyhistidine tag), DJ1003 (Apo-MoFe), and DJ884 (Fe protein) were grown and
their corresponding proteins puriﬁed in anaerobic vials under Argon using previously
established methods (Christiansen et al. (2000)). Biuret assays were performed to
determine protein concentration. MoFe and Fe proteins were screened for proton
reduction activity using well established methods resulting in a speciﬁc activity of
approximately 2,000 nmol H2 /min/mg MoFe when assayed together at a molar ratio
of 20:1 Fe to MoFe (Barney et al. (2004)).

2.3.3

Cadmium Sulﬁde Quantum Dot Synthesis

Quantum Dots were synthesized by Jesse Ruzicka under an Ar atmosphere by
the method of Peterson and colleagues (Peterson et al. (2014)). A cadmium oleate
solution was prepared by heating a mixture of CdO and oleic acid in 1-octadecene to
250°C. A sulfur solution was made by dissolving elemental sulfur in 1-octodecene. The
cadmium oleate and sulfur solutions were heated separately to an initial temperature
of 260°C and combined at a 1:1 molar ratio to initiate nanoparticle synthesis. After
initiation, the reactions were allowed to cool while reacting to a ﬁnal temperature of
220°C. The cadmium sulﬁde quantum dots were puriﬁed through multiple rounds of
methanol extraction followed by acetone precipitation of the particles. After centrifugation, the pelleted particles were resuspended in toluene. Oleic acid ligands were
exchanged for 3-mercaptopropionic acid ligands using methods described by Pearce
and colleagues (Pearce et al. (2018)).

2.3.4

Cadmium Sulﬁde Nanorod Synthesis

CdS nanorods were synthesized by Jesse Ruzicka using a modiﬁed version of
the seeded-growth methods of Carbone et al. developed by Dr. Dukovic and colleagues (Brown et al. (2016); Carbone et al. (2007)). Cadmium sulﬁde seeds were
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made by ﬁrst preparing a mixture of CdO, octadecylphosphonic acid (ODPA), and
trioctylphosphine oxide (TOPO) and heating to 250°C prior to the addition of sulfur
in the form of hexamethyldisilathiane dissolved in tributylphosphine. Seed growth
was allowed to continue for 10 minutes at prior to quenching via cooling and the addition of toluene. CdS nanorods were grown at 350°C by mixing an elemental sulfur
solution dissolved in TOP with the CdS seeds and then injecting the mixture into a
cadmium solution. Nanorods were grown to dimensions of approximately 4 nm (d)
by 35 nm (l) before quenching by cooling. The nanorods were then washed with a
series of organic solvents and the resultant puriﬁed particle’s dimensions were measured by transmission electron micrography imaging. Nanorod concentrations were
estimated by correlating absorption spectra with Cd2+ concentrations determined by
inductively coupled plasma optical emission spectroscopy resulting in an extinction
coeﬃcient of 1.79 ∗ 109 M−1 cm−1 at 350 nm.

2.3.5

FeMoco Extraction

FeMoco was extracted under an Ar (O2 < 10 ppm) atmosphere from His-tagged
MoFe protein puriﬁed from Azotobacter vinelandii strain DJ995 using modiﬁed version of a previously described procedure (McLean et al. (1989)). The protein was
adsorbed to a DE-52 DEAE cellulose anion exchange column. The protein was denatured by washing with previously dried N-methylformamide (NMF) for 2 column
volumes. A third column volume of NMF was then added and the protein was allowed to incubate in the solvent for 1 h. FeMoco was eluted using 500 mM Bu4 NCl
dissolved in dried NMF. The organic salts were removed using a Sephadex LH-20
column with an NMF mobile phase. Eluted FeMoco was treated with approximately
1 mM sodium dithionite. The cofactor concentration was determined using a UVVisible spectrometer in a degassed, sealed cuvette to read the absorbance at 450,
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500, 550, 500, 650, 700, and 750 nm wavelengths. The absorbance readings were corrected for background absorption using a solvent sample and the concentrations were
calculated using known extinction coeﬃcients for NMF-solvated FeMoco. Extracted
FeMoco was brought outside of the glovebox in anaerobic vials and ﬂash frozen using
liquid nitrogen for storage. FeMoco was used within 2 weeks of puriﬁcation.

2.3.6

Apo-MoFe Reconstitution

Reconstitution reactions were prepared and conducted using a modiﬁed form
of a procedure used by several research groups to determine if extracted cofactor is
structurally intact (Roberts et al. (1978); Shah and Brill (1977); Smith et al. (1984)).
Standard pH 7.0 nitrogenase reaction buﬀer was prepared consisting of 6.7 mM MgCl2 ,
100 mM MOPS, 30 mM phosphocreatine, 5 mM ATP, 1.3 mg/mL bovine serum
albumin, 0.2 mg/mL creatine phosphokinase, and 12 mM sodium dithionite. In an
argon ﬁlled glovebox FeMoco was diluted to 37.5 μM in NMF and Apo-MoFe to 2
mg/mL in reaction buﬀer. A 90 μL reconstitution mixture was created in a 1.5 mL
HPLC autosampler vial by mixing 2 μL of FeMoco with 38 μL of Apo-MoFe with the
remaining volume consisting of reaction buﬀer (3.5 micromolar protein and 830 nM
FeMoco). The reconstitution mixture was stirred at 23°C for 1 h prior to starting
the reactions. Reconstitution mixtures were diluted with the addition of reaction
buﬀer to a ﬁnal volume of 300 μL (1 uM Apo-MoFe, 250 nM FeMoco). Reactions
were capped with rubber septa, the atmosphere was replaced with 100% N2 using a
Schlenk line, equilibrated, and the reactions were initiated with the addition of 20
μM Fe protein. Reactions were allowed to proceed for 8 minutes with shaking at 30°C
before quenching with 100 μL of 0.4 M sodium EDTA. Hydrogen from the headspace
was quantiﬁed via GC-TCD and ammonia was quantiﬁed using a previously described
ﬂuorometric assay (Corbin (1984)).
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2.3.7

EPR Spectroscopy

Extracted FeMoco was diluted in N-methylformamide to 350 μL of 20 μM cofactor. 1 mM sodium dithionite was added as 1 μL of concentrated aqueous solution. 2
μL of 25% thiophenol was added as an organic thiol ligand which has been found necessary to produce the same characteristic EPR features as the holoenzyme’s FeMoco
signal (Burgess et al. (1980)). The samples were ﬂash frozen in liquid nitrogen. EPR
spectra were acquired by Dr. Bryant Chica on a Bruker E-500 instrument (Bruker,
Billerica, MA). Samples were held in an SHQ resonator with temperature controlled
by an in-cavity cryogen-free cryostat and a mercury iTC temperature controller (Oxford instruments). A modulation frequency of 100 kHz was used with an amplitude
of 10 Gauss. Spectra were baseline corrected in Igor Pro 8.0.

2.3.8

Nanoparticle-FeMoco Reactions

CdS:FeMoco mixtures were prepared under a 100% Ar atmosphere by mixing
CdS nanoparticles with Femoco inside 1.5 mL HPLC autosampler vials containing
300 μL of aqueous buﬀer (type and pH depends on experiment). CdS:FeMoco reaction
mixtures were sealed with rubber septa, the atmosphere was adjusted by gas injection,
and the vials were removed from the glovebox. Vials were equilibrated to room
pressure prior to reaction. Reactions were conducted with stirring in 3D-printed
plastic holders ﬁtted to a 405 nm diode light source (Ocean Optics) at 25 mW cm−2
(approximately 3.5 mW cm−2 at the sample). Samples were run in duplicate with
corresponding CdS-only controls for product background subtraction. Hydrogen was
quantiﬁed via GC-TCD of reaction vial atmosphere. Hydrocarbon products were
quantiﬁed by GC-FID analysis of reaction vial headspace.
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2.4

Results and Discussion

2.4.1

Characterization of Extracted FeMoco

Fig. 2.3: Electron paramagnetic resonance (EPR) spectrum of FeMoco extracted into
NMF with 1 mM sodium dithionite.(Inset) A representative EPR spectrum for MoFe
holoenzyme at the E0 (resting) reduction state (Maritano et al. (2001)).

The EPR spectrum obtained from extracted FeMoco (Figure 2.3) reveals that
the cofactor retains the same EPR spectrum as has been observed many times for
the same cofactor of the Mo-nitrogenase holoenzyme in the presence of dithionite and
the absence of Fe protein (canonically denoted as the MN state or E0 state). The
spectrum is characterized by the distinct S = 3/2 g-features observed near 15, 17,
and 34 kG. The ability to observe the same electronic structure as protein-ligated
cofactor has been explained by Schultz and colleagues. In their study of extracted
FeMoco they hypothesized that the reagents N-methylformamide and thiophenolate
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coordinate to FeMoco in place of the α-Cys275 and α-His442 residues that ligate the
cofactor in the holoenzyme. (Kim et al. (1993); Schultz et al. (1990)).

Fig. 2.4: Apo-MoFe Reconstitution. Speciﬁc activities by product for reconstituted
and wild-type MoFe under 0.4 atm N2 .

To further ensure the integrity of the extracted FeMoco, reconstitution of a
MoFe protein lacking FeMoco (DJ1003) was used to demonstrate that N2 reduction
capabilities were unimpaired. Comparing the N2 and H+ reduction rates for wild
type and reconstituted protein under an N2 atmosphere showed that after incubation
with extracted cofactor, Apo-MoFe protein was restored to nearly 100% substrate
reduction ability. The extremely eﬃcient reconstitution eﬃciency is likely due to
the reconstitution conditions in which there was a large excess of Apo-MoFe active
sites for reconstitution compared to the concentration of cofactor (approximately 5
to 1). This eﬃciency reﬂects that of Shaw and Brill who were able to reconstitute
with approximately 98% eﬃciency the Apo-MoFe protein from A.v as measured by
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acetylene reduction (Shah and Brill (1977)).

2.4.2

Characterization of the CdS:FeMoco Catalytic System

Fig. 2.5: Light Power Dependence. The eﬀect of light intensity on Nanorod:FeMoco
reactions with 150 nM of each. Activities calculated by subtracting nanoparticle-only
activities from the full system’s.

The light power dependence of the CdS:FeMoco system (Figure 2.5) follows the
same linear trend as has been observed for the CdS:MoFe and CdS:FeFe Hydrogenase systems (Brown et al. (2016, 2012)). Light-induced substrate reduction which is
both FeMoco dependent is strong supporting evidence of electron transfer that proceeds from nanoparticle to catalyst. It must be considered, however, that the excited
nanoparticle has a suﬃciently negative potential (approximately -0.8 V vs NHE) for
proton reduction to occur in the absence of FeMoco. Despite this, when FeMoco is
added to the system the rates of substrate reduction increase signiﬁcantly. This seems
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to suggest that there are two competing substrate reduction pathways with the faster
of the two being the electron transfer to FeMoco which catalyzes substrate reduction
at the cofactor rather than the nanoparticle surface.
An interesting aspect of the CdS:FeMoco reactions is that there are no supplemented cysteine analogues (thiols) to coordinate Fe-1 of FeMoco nor is there an
included histidine-like ligand to coordinate the Mo atom as in holoenzyme. The absence of the thiol ligand results in a broadening of the EPR signature of FeMoco in
the MN state which indicates that the electronic structure is slightly diﬀerent. Despite the presumably altered electronic state of the cofactor, it retains the capacity
to catalyze proton reduction. This ﬁnding is consistent with previous electrochemical
studies of extracted FeMoco which conclude that these catalytic abilities are inherent
to the unligated cofactor given a reductant of suﬃciently negative potential (Smith
et al. (1999)).
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Fig. 2.6: Flux Dependence. (a) Quantum dot titration with constant [FeMoco] of 200
nM. (b) Nanorod titration with constant [FeMoco] of 200 nM. (c) A420 -normalized
quantum dot and nanorod comparison (200 nM and 10 nM respectively). FeMoco
concentration maintained at 400 nM.

Nanoparticle dimensions can drastically aﬀect their eﬀectiveness for supporting
catalytic reduction. The bandgap energy (the energy required to promote a valence
electron to a conduction electron) is increased as the nanoparticle grows smaller thus
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making quantum dots several mV more negative than their nanorod counterpart. The
surface area for nanoparticle-catalyst binding is also dependent upon the dimensions
of the nanoparticle where a larger nanoparticle would presumably oﬀer more surface
for cofactor to bind. Further still, the nanoparticle dimensions directly impact the
extinction coeﬃcient eﬀectively increasing the probability of an excitation event as
nanoparticles grow larger. Interestingly, the quantum dots showed kinetic saturation
behavior well below a 1:1 stoichiometry (Figure 2.6) with no apparent increase in
rate even with a fourfold excess of nanoparticle. In contrast, the nanorods not only
surpassed the FeMoco-dependent hydrogen production rates at a sub-stoichiometric
ratio but continued to increase up until a 1:1 stoichiometry after which saturating behavior was observed (data not shown). An additional experiment using the nanorods
found that the H2 reduction rates by FeMoco were inhibited under an atmosphere of
30% N2 although no above-background ammonia was detected in the reaction buﬀer
(SI Figure A.1). This suggests that cofactor reduction states analogous to the MoFe
enzyme’s N2 bound state may be accessible when nanorods are used instead. These
ﬁndings are similar to that of previous work done by Dr. Chica and myself ﬁnding
that the use of quantum dots rather than nanorods increases the population of low
E-state intermediates in the CdS:MoFe system (Chica et al. (2020)).
The unintuitive superiority of the nanorods over the quantum dots from the stoichiometry studies can possibly be explained by their diﬀerence in bandgap energy.
Marcus Theory predicts that as the potential of the reductant increases in an electron transfer reaction without bond reorganization the rate also increases similarly
to the relationship between ΔG and the rate constant described by the Arrhenius
equation. Unlike the Arrhenius equation, however, Marcus Theory also predicts that
with further increasing potential into the “inverted region” the rate constant can
actually decrease due to a mismatch of vibrational wave functions. This has been
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experimentally veriﬁed by studying intramolecular electron transfer reactions at a
wide range of potentials (Miller et al. (1984)). Although experimentally veriﬁed, this
behavior is far from universally observed as it is highly solvent dependent and has not
yet been reported for photoexcited nanoparticle systems. An additional key diﬀerence is that these studies used PbS and CdSe compounds rather than the CdS used
here (El-Ballouli et al. (2014); Huang et al. (2008)). As the quantum dot type CdS
nanoparticles are signiﬁcantly more negative in potential, it is possible that they have
slower transfer kinetics due to inverted-region behavior.
The most impactful aspect of this experiment was the observation of increased
eﬃciency of electron transfer using nanorods which led to their use in subsequent
studies.
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Fig. 2.7: pH and Denaturation Control (a) FeMoco activity pH dependence under
a 10% acetylene/90% argon atmosphere (background subtracted). (b) FeMoco denaturation control showing product distributions under a 10% acetylene/90% argon
atmosphere. Increasingly denaturing FeMoco pre-treatments from left to right (background subtracted).

As a major determinant of chemical behavior, especially in electron transfer reactions, understanding the pH-dependence of the catalytic system was a logical next
step for characterization. Acetylene was chosen as a substrate of interest because
under a 10% acetylene 90% Ar atmosphere it was previously discovered that in addition to ethylene (the only hydrocarbon product for the intact enzyme) the complete
reduction product ethane was also observed in the headspace. Intact Mo-nitrogenase
has a well-known bell-shaped pH proﬁle with an optimum of approximately 7.4 that
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applies to both H2 and NH3 while the pH proﬁle under C2 H2 is shifted 0.5 pH units
more acidic (Pham and Burgess (1993)). FeMoco’s pH proﬁle has not been measured
in aqueous buﬀer as most experiments have only characterized the cofactor in the
organic solvents it was eluted in. In initial substrate reduction experiments using
CdS as a catalytic reductant, N-methylformamide was found to not consistently support CdS activity and therefore aqueous solutions were preferred (data not shown).
An analogous experiment titrating the proton donor and ligand pentaﬂuorothiophenol (pKa = 2.68) into an NMF-solvated electrochemical cell demonstrated that peak
currents (a proxy measurement of H2 formation) responded sigmoidally to the addition of proton donor with hyperbolic behavior observed at approximately 40 mM of
pentaﬂuorothiophenol and saturating behavior around 80 mM.
Another study examining C2 H2 reduction by extracted cofactor in organic solvent
found that there was a sharply negative correlation between the applied potential of
a mercury amalgam electrode and the rate-enhancing eﬀect of proton donor’s acidity in N, N-dimethylformamide demonstrating that a high applied potential reduces
the reliance on eﬃcient proton donors (Bazhenova et al. (2004)). The rate-boosting
behavior of the addition of a proton donor was observed to some degree to potentials as low as - 1.7 vs NHE, more than twice the potential of excited CdS nanorods
suggesting that the CdS:FeMoco system should still be highly responsive to pH.
As seen in Figure 2.7, a degree of bell-shaped behavior is visible in the pH proﬁle
for H2 and C2 H4 reduction by isolated FeMoco from pH 7 to 10, not dissimilar from
the intact enzyme which displays very well deﬁned bell-shaped behavior from pH 6.2
to pH 8.5 (Pham and Burgess (1993)). The higher stoichiometric dependence on [H+ ]
is the most likely reason that C2 H6 falls oﬀ with increasingly alkaline conditions rather
than displaying the same behavior as the other two products. Unlike the holoenzyme,
H2 is the major product across the pH range tested indicating that either binding or
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substrate reduction are impaired but not eliminated without the protein scaﬀold.
The abrupt increase in reduction rates below pH 7 was a cause for concern as a prior
study found that FeMoco degraded in aqueous conditions can have higher activities
for cyclopropane reduction than intact FeMoco (McKenna et al. (1984)).
To test if this eﬀect if this phenomenon was caused by degraded FeMoco, a control
experiment was performed in which extracted FeMoco was incubated in oxidizing
conditions and even with high concentrations of a strong acid prior to assessment
by CdS:FeMoco activity assays (Figure 2.7). The eﬀects of increasingly denaturing
treatments conﬁrmed that the increase in activity is more than likely the result of
highly active degradation products catalyzing reactions.

2.5

Conclusions
The work included in this manuscript provides evidence that extracted FeMoco

is intact and electronically representative of the MoFe protein’s active site cofactor.
Evidence for the proposed cadmium sulﬁde nanoparticle to FeMoco electron transfer
pathway is experimentally validated and the system’s response to the adjustment of
basic experimental parameters was investigated.
The FeMoco electron paramagnetic resonance (EPR) spectrum of the cofactor
upon isolation was demonstrated to be electronically equivalent to that of the holoenzyme upon the addition of a thiol ligand and N-methylformamide acting as cysteine
and histidine analogs, respectively. This, coupled with the ability of the extracted
cofactor to restore N2 reduction capacity to the apoenzyme conﬁrms that prior to
the initiation of CdS:FeMoco reactions, the somewhat labile cofactor is intact and
functional.
The light dependence experiment demonstrated that the activity of FeMoco (CdS
background subtracted) responds linearly starting at a lack of measurable activity
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when not illuminated. As extracted FeMoco was found to be catalytically inactive
in the absence of CdS, the hypothesized CdS to FeMoco electron transfer is the
likely source of the additional H2 . The SI experiment showing that the FeMoco H+
reduction activity is inhibited under N2 provides additional evidence that FeMoco
is the source of the additional H2 . As extracted FeMoco has never been observed
to catalyze N2 reduction, it is impossible to deﬁnitively conclude that the extra H2
originated from FeMoco rather than an enhancement of CdS activity by an unknown
mechanism. The molar stoichiometry experiments show that like the intact enzyme,
the cofactor’s activity is most greatly increased when the nanorods are used rather
than quantum dots. This is could be explained by inverted region behavior, the much
higher extinction coeﬃcient of the nanorods, or a combination of both factors.
The pH proﬁle of the CdS:FeMoco system gave the ﬁrst indication that the identity of the actual chemical species catalyzing above-background substrate production
may be questionable. A pH dependence experiment for a catalytically active iron sulfur cluster would be expected to show a sharp decrease in activity primarily due to the
loss of acid-labile sulﬁdes. Instead, the pH dependence experiment showed a rapid
increase in active with increasing acidic conditions. The results of the purposeful
cofactor denaturation control experiment conﬁrmed that products of FeMoco degradation promote substrate reduction above even the FeMoco:CdS system’s catalytic
rates.
The intended purpose of this work was to investigate intact FeMoco’s reactivity
thus making the current system inappropriate for such studies as no above-background
substrate reduction can be conﬁdently assigned to intact FeMoco without extensive
controls. If the post-reaction mixture were able to be analyzed before and after by
reconstitution or EPR experiments this could potentially aid the formation of deﬁnitive conclusions. Unfortunately, the concentrations of FeMoco needed to conduct
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these experiments is prohibitively high as well as the high likelihood of experimental
error with such an extended process given the inherent lability of the cofactor. In
conclusion, the CdS:FeMoco system has promise for interrogating the reactivity of
the extracted cofactor if the issues of degradation can be addressed.

2.6

Future Directions
The identity of the highly active degradation products could be potentially in-

teresting to researchers pursuing cheap and novel substrate reduction catalysts. The
anticipated products of FeMoco degradation are mixed iron sulﬁde species as well as
monoatomic iron. It is unclear what products the molybdenum and homocitrate components of the cofactor would form upon degradation. Characterizing the degradation
products could be accomplished by LC-MS followed by a systematic interrogation of
each product to determine which are responsible for the very high substrate reduction rates. Like the results of the light-dependence experiment, it is possible that
these degradation products are not catalyzing reduction themselves after accepting
electrons from the nanoparticle but rather promoting substrate reduction by the CdS
nanoparticles. If the degraded products are conjugating with the thiolate ligands of
the CdS nanoparticles, and this conjugation results in accelerated substrate reduction,
it could potentially inform the design of more eﬃcient nanoparticle catalyst designs.
The uncertainty of the catalytically-active species in substrate reduction experiments can be addressed by several diﬀerent routes. First, as suggested previously,
one may be able to draw deﬁnitive conclusions if a rapid assay of FeMoco integrity
is developed which could assess cofactor integrity before and after experiments. Second, FeMoco experiments could be conducted in a solvent better suited for the labile
cofactor such as NMF. This would require redesigning the nanoparticles so they can
retain activity in the new solvent. As organic solvents are utilized during the syn-
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thesis of the CdS nanoparticles, this could conceivably be achieved by simply using
diﬀerent surface ligands or removing them entirely. Transitioning to a more stabilizing solvent would still require that FeMoco integrity is assessed post-reaction but
the likelihood of FeMoco degradation would at least be reduced. Third, instead of
trying to characterize extracted FeMoco by itself, a small peptide scaﬀold could conceivably be synthesized to ligate and stabilize the cofactor. Analogous research has
been conducted in the ﬁeld of [NiFe] hydrogenase research where a research group
synthesized a small peptide scaﬀold to ligate a synthetic metallic-active site (Dutta
et al. (2012)). The identity of the FeMoco coordinating residues in nitrogenase is
known and it would likely be possible to fashion an “extracted active-site” to ligate
extracted FeMoco which would also beneﬁt from more closely modelling nitrogenase
active-site chemistry. The complex formation could be monitored by the same EPR
validation used to conﬁrm FeMoco integrity and would likely be more tolerant of
chelators, sulﬁde-loss, and oxidation depending on the construction of the scaﬀold.
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CHAPTER 3
Understanding Dinitrogen Inhibition of Electron Transfer in Nitrogenase

3.1

Abstract
The enzyme nitrogenase catalyzes the reduction of N2 into ammonia which can

be used to synthesize nitrogen-containing macromolecules such as DNA. RNA, and
protein. When nitrogen is unavailable, the nitrogenase enzyme catalyzes the reduction of protons to hydrogen gas. The nitrogenase enzyme is a two-component complex
consisting of the MoFe protein and the Fe protein where the Fe protein utilizes ATP to
deliver electrons to the MoFe protein for substrate reduction. The phosphate release
step of the Fe protein kinetic scheme is the known rate limiting step of nitrogenase
catalysis which is hypothesized to result in uniform electron transfer rates regardless of
the substrate being reduced. Despite this, electron transfer rates have often been observed to be slower when N2 is present than under an inert argon atmosphere. In this
work, ﬁxed timepoint, spectrophotometric, and electrochemical kinetic methods were
used to independently measure dinitrogen inhibition. These experiments resulted in
the discovery that only ﬁxed timepoint experiments demonstrated inhibition. Inaccuracies of hydrogen and ammonium quantitation were addressed as causes of apparent
inhibition and found to be insuﬃcient to explain the eﬀect. Parameters aﬀecting
nitrogenase activity including pH, temperature, and nitrogenase subunit ratios were
manipulated to identify parameters that controlled the extent of inhibition observed.
pH and subunit ratios were found to control the extent of inhibition observed while
temperature did not aﬀect inhibition. The ﬁndings presented here suggest that there
may be an non-canonical product of nitrogenase catalysis under N2 that can explain
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the discrepancy between Ar and N2 reactions.

3.2

Introduction

Fig. 3.1: Thorneley-Lowe kinetic scheme for dinitrogen reduction.

The kinetic scheme of nitrogenase is modelled as two separate cycles, the Fe
protein cycle, and the Thorneley-Lowe kinetic scheme. The Fe protein cycle consists
of multiple steps including binding of two molecules of ATP, reduction by ﬂavodoxin
or ferredoxin, and MoFe protein binding. MoFe protein binding is followed by electron
transfer, ATP hydrolysis, and then phosphate release (Duval et al. (2013); Yang et al.
(2016)). Once phosphate is released, Fe protein is free to dissociate and begin a second
cycle. After each Fe protein cycle, the MoFe protein’s E-state increments by one.
After four Fe protein cycles, the MoFe protein reaches the E4 reduction state. At this
state, four protons are associated with the cofactor forming the E4(4H) state which
is capable of binding N2 . The E4(4H) hydrogen nuclei are not equivalent with two
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existing as Fe-H-Fe bridging hydrides and the other two existing as sulﬁde-aﬃliated
protons (Lukoyanov et al. (2016, 2015)). The binding of N2 is achieved by a reductive
elimination/oxidative addition reaction that partially reduces and binds N2 to form
the E4(2N2H) state. The reductive elimination reaction forms the obligate molecule
of H2 seen in the reaction stoichiometry of 3.1 (Burgess and Lowe (1996); Simpson
and Burris (1984)).

N2 + 8H + + 8e− + 16AT P → 2N H3 + H2 + 16ADP + 16Pi

(3.1)

Barring reversal of the reaction by competing H2 , the enzyme is committed to
N2 after reaching the E4(2N2H) state (Harris et al. (2018b)). In the absence of N2 ,
nitrogenase catalyzes proton reduction. The Fe protein cycle of the kinetic regime
contains the rate limiting step of the overall reaction which has been determined to
be Pi release by pre-steady state kinetic experiments (Yang et al. (2016)). The steps
of the Fe and V-nitrogenase kinetic scheme are thought to be the same as the Monitrogenase although they have not been investigated to the same extent as the Mo
variant.
Nitrogenase’s activity can be measured by multiple methods including by monitoring the oxidation of a chemical capable of reducing Fe protein or by quantifying the
products of ﬁxed timepoint reactions. Mediated electrochemistry and spectrophotometric reactions both measure the “front-end” electron accepting or donating activity
of the Fe protein component. Mediated electrochemical experiments measure reductive currents that regenerate oxidized mediator molecules which are typically viologens. Spectrophotometric experiments measure the change in absorption as a redox
indicator/chemical reductant is oxidized by the Fe protein. The mediator used in the
current work is the viologen compound 1,1-́bis(3-sulfonatopropyl)-4,4-́bipyridinium
also known as S2V (DeBruler et al. (2018)). The substrate reduction method mea-
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sures the headspace and aqueous products (H2 and NH+
4 respectively) and calculates
reaction rates from these quantities. Fixed timepoint substrate reduction experiments
are by far the most used method to measure nitrogenase activity both historically and
currently.
Reaction rates from ﬁxed timepoint experiments can be analyzed and reported
one of two ways: 1. By measuring mols of a given product or 2. by converting mols
of products into mols of electron equivalents (the number of electrons required for full
reduction) and then summing the electron equivalents for all products. The former
method is typically used for reporting activities. By far the two most important
atmospheric conditions are reactions under Ar and N2 where H2 and a combination
of H2 and NH3 are possible as products, respectively. Canonically, the total electron
transfer rate is identical under both conditions which share the same Pi-release rate
limiting step. Despite the commonly held belief that total electron transfer rates are
invariable, multiple studies have found this not to be the case instead observing that
total electron transfer rates are actually inhibited under an N2 atmosphere in ﬁxed
timepoint reactions with Mo-nitrogenase (Burgess et al. (1981); Harris et al. (2019,
2018b); Lee et al. (2009); Wherland et al. (1981)). The studies conducted by Lee also
observed N2 inhibition in the V isozyme while multiple studies by Harris observed
inhibition in both V and Fe isozymes of A. vinelandii (Harris et al. (2019, 2018a);
Lee et al. (2009)).
Conversely, many studies have either not observed or simply not compared the
total electron transfer activities between the conditions. Two notable studies directly
comparing total electron transfer under both atmospheres have been conducted by
Badalyan and colleagues who measured the mediated electrochemical rates under Ar
and N2 and Watt and Burns who compared the two conditions in ﬁxed timepoint
experiments (Badalyan et al. (2019a); Watt and Burns (1977)). These conﬂicting
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observations of N2 inhibition are the likely explanation for why this aspect of catalysis
has not yet been rigorously studied.
N2 inhibition, if found to be a mechanistically important aspect of nitrogenase
catalysis, has the potential to signiﬁcantly revise kinetic models of electron transfer
within the enzyme. Therefore, it is necessary to either conﬁrm or refute N2 inhibition
as an aspect of nitrogenase mechanism. In this work, a combination of electrochemical, spectrophotometric, and ﬁxed timepoint experiments were used to validate the
existence of and also to identify the root cause of N2 inhibition.
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3.3

Materials and Methods

3.3.1

Reagents and General Procedures

Unless otherwise stated, all reagents were purchased from Sigma-Aldrich (St.
Louis, MO) and used without further puriﬁcation. All gases (H2 , Ar, and N2 ) were
purchased from Air Liquide America Specialty Gases LLC (Plumsteadville, PA). The
Ar and N2 gases were passed through an activated copper catalyst to remove trace O2
contamination prior to use. All proteins, solutions, and buﬀers were prepared under
Ar or N2 on a Schlenk Line.

3.3.2

Mo-Nitrogenase Growth and Puriﬁcation

Azotobacter vinelandii strains DJ995 (MoFe protein with an α chain C-terminal
polyhistidine tag), DJ1003 (Apo-MoFe), and DJ884 (Fe protein) were grown and
their corresponding proteins puriﬁed in anaerobic vials under argon using previously
established methods (Christiansen et al. (2000)). Biuret assays were performed to
determine protein concentration. MoFe and Fe proteins were screened for proton
reduction activity using well established methods resulting in a speciﬁc activity of
approximately 2,000 nmol H2 /min/mg MoFe when assayed together at a molar ratio
of 20:1 Fe to MoFe (Barney et al. (2004)).

3.3.3

V-Nitrogenase Growth and Puriﬁcation

Azotobacter vinelandii strain DJ2253 expressing both VnfDGKstrep (strep-tag on
the VnfK subunit) and VnfH Fe protein was grown using well deﬁned growth procedures (Burgess et al. (1980)). VnfDGK was puriﬁed using Strep-Tactin (IBA Lifesciences, Gottingen, Germany) as has been done previously for NifDKstrep (JimenezVicente et al. (2018)). VnfH protein was puriﬁed using methods developed for purify-
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ing NifH Fe protein (Peters et al. (1994)). Biuret assays were performed to determine
protein concentration. VFe and Fe proteins were screened for proton reduction activity using standard ﬁxed-timepoint assays resulting in a speciﬁc activity together of
approximately 1900 nmol H2 /min/mg VFe when assayed together at a molar ratio of
20:1 Fe to VFe (Barney et al. (2004); Burgess et al. (1980)).

3.3.4

Fe-Nitrogenase Growth and Puriﬁcation

Azotobacter vinelandii strains DJ2241 (Strep-tagged FeFe) and DJ2303 (Streptagged FeFe and disabled FeMoco synthesis) were grown and the FeFe puriﬁed using
previously described procedures (Harris et al. (2018b); Jiménez-Vicente et al. (2018)).
AnfH was puriﬁed using a fast protein liquid chromatography method described elsewhere (Harris et al., (2020).CO as a Substrate and Inhibitor of H+ Reduction for
the Mo-, V-, and Fe-Nitrogenase Isozymes. Submitted for publication ). Protein was
conﬁrmed to be approximately 90% pure by SDS-acrylamide electrophoresis and the
speciﬁc activity was determined to be approximately 700 nmol H2 /min/mg FeFe
with a 20:1 Fe protein to FeFe ratio.

3.3.5

Fixed Timepoint Experiments

Standard pH 7.0 nitrogenase reaction buﬀer was prepared consisting of 6.7 mM
MgCl2 , 100 mM MOPS, 30 mM phosphocreatine, 5 mM ATP, 1.3 mg/mL bovine
serum albumin, and 0.2 mg/mL creatine phosphokinase. Reactions were made anaerobic using a Schlenck Line prior to addition of an anaerobic sodium dithionite solution
to a ﬁnal concentration of 12 mM. 9.4 mL crimp-sealed serum vials were degassed
using either N2 or Ar and 1 mL of reaction buﬀer was added via gastight syringe.
Nitrogenase proteins were thawed under an Ar atmosphere and added via gastight
syringe to reaction vials. The atmosphere composition was adjusted and then equili-
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brated to room pressure prior to reaction. Reactions were initiated by the addition of
Fe proteins to the vials which were immediately placed in a water bath shaker at 30°C
and a shaking speed of 150 s−1 . Reactions were allowed to react for 8 minutes unless
otherwise speciﬁed and the ATPase activity was quenched by the injection of 300 μL
of 0.4 M disodium ethylenediaminetetraacetic acid (EDTA). Hydrogen was quantiﬁed by GC-TCD and ammonia was quantiﬁed using a ﬂuorescence assay described
elsewhere (Corbin (1984)).

3.3.6

Spectrophotometric Experiments

Spectrophotometric experiments were prepared under an Ar atmosphere (2% H2 )
using methods developed by Badalyan and colleagues (Badalyan et al. (2019a)). ATP
regeneration buﬀer (pH 7.0) was degassed using the desired atmospheric composition
for the experiment and 600 μL was injected into a 0.2 cm cuvette and then sealed
with rubber septa. The cuvette headspace was adjusted using a gastight syringe to
reﬂect the atmospheric composition of the reaction buﬀer vial and then equilibrated.
MFe and Fe proteins were thawed on the Schlenk Line and brought into the glovebox.
Gastight syringes were used to dilute the proteins to the appropriate concentration
so that 6 μL of each would dilute to the desired reaction concentration in 600 μL
of reaction buﬀer. MFe was added to the cuvettes and the absorbance at 600 nm
was zeroed in a UV-Visible spectrometer (Ocean Optics, USA). Fe protein was added
and quickly followed by 500 μM of 1,1-bis(3-sulfonatopropyl)-4,4-bipyridinium (S2V)
dye synthesized by Dr. Badalyan using methods described elsewhere (Badalyan et al.
(2019a)). The absorbance maxima at 600 nm was followed using the spectrometer to
take readings at 30 ms intervals. The experimentally determined extinction coeﬃcient
of 9925 M−1 cm−1 at 600 nm was used to calculate the electron transfer rate from S2V
to Fe protein; prior to substrate reduciton at the MoFe protein.
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3.3.7

Mediated Cyclic Voltammetry Experiments

Cyclic voltammetry (CV) experiments were conducted using a Palmsens 4 potentionstat (Utrecht, Netherlands) in a Ar-ﬁlled glovebox containing no more than 3%
H2 (Type C Vinyl Anaerobic Chamber, Coy Lab Products, Inc., Grass Lake, Mi). All
mediated electrochemical experiments used ATP-regeneration buﬀer (without sodium
dithionite) at pH 7.0 that had been previously degassed and equilibrated to either
an Ar or N2 atmosphere. Measurements were taken in a three-electrode cell (SVC-2,
ALS) with a glassy carbon working electrode (diameter 3mm, ALS), a saturated KCl
Ag/AgCl reference electrode, and a Pt counter electrode. Working electrodes were
polished with 1 μm Alumina suspension (BASi)and cleaned by sonication. The total
reaction volume was 3 mL of room-temperature buﬀer (22 to 23°C) and was stirred
between scans.

3.3.8

H-NMR Quantiﬁcation of Ammonium Isotopologues

Fixed timepoint experiments were performed using either 15 N2 gas that had been
stored under pressure in a serum vial containing approximately 25% 6 M H2 SO4 by
volume and analyzed via NMR to ensure the absence of contaminating

15

NH3 .

14

N2

used for NMR experiments was previously analyzed via NMR to ensure the absence of
14

NH3 . In Eppendorf tubes, 500 μL of reaction buﬀer and 100 μL of 6 M H2 SO4 were

mixed and incubated for an hour. The analyte solutions were injected into 5 mm,
500 MHz NMR tubes (Wilmad-LabGlass, Vineland, NJ). 60 μL of D2 O was added as
a capillary tube insert to serve as a deuterated solvent reference for ﬁeld frequency
locking. All samples were analyzed using a Bruker Avance III 500 MHz Spectrometer
(Bruker, Billerica, MA). A total of 850 scans were taken with a delay time of 1 s.
65 thousand FID points were acquired with an acquisition time of 3.28 s. Fourier
transformations were applied without prior processing. Experimental [15 NH+
4 ] and
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[14 NH+
4 ] concentrations were calculated via standard curve using the peak-area of the
most downﬁeld peak signals (6.95 ppm and 6.98 ppm respectively under experimental
conditions).

3.4

Results and Discussion

3.4.1

Multiple-Point Measurements of Dinitrogen Inhibition

Prior to this work, N2 inhibition had only been observed in ﬁxed timepoint experiments and then only in Mo-nitrogenase. To better determine if the apparent
inhibition is mechanistically relevant and not an artifact of an uncontrolled variable,
side-by-side experiments using Mo, V, and Fe-nitrogenases were conducted using
ﬁxed timepoint, spectrophotometric, and electrochemical experiments as independent methods to measure electron transfer rates. Fixed timepoint experiments such
as those in Figure 3.2 measure electron transfer rates by quantifying MoFe’s substrate
reduction products and converting them to electron equivalents. Spectrophotometric
reactions monitor the loss of absorbance at 600 nm as the viologen dye molecule 1,1’bis(3-sulfonatopropyl)-4,4’-bipyridinium (S2V) transfers electrons to the Fe protein
of nitrogenase. Finally, reductive currents associated with the electron transfer from
electrode to methyl viologen mediator were used as a “front-end” measurement of
nitrogenase electron transfer activity.
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Fig. 3.2: Fixed Timepoint Data. (a) Fixed timepoint experiments showing electron
transfer rates by atmosphere, product, and nitrogenase. (b) Total electron transfer
rates by nitrogenase comparing argon and 10% dinitrogen atmospheres. Percent nitrogen inhibition displayed above nitrogen reactions. (c) Electron distributions between
products as a function of the partial pressure of dinitrogen. (d) Total electron transfer rates as a function of dinitrogen partial pressure with percent nitrogen inhibition
labelled. Panels (c) and (d) plotted using data from Harris et al. (2019).

The ﬁxed timepoint experiments showed a product distribution trend under Ar
and N2 that reﬂects previous ﬁxed-timepoint data, the NH3 :H2 ratio is signiﬁcantly
higher in Mo-nitrogenase while V and Fe have similar and less eﬃcient ratios of the
two (Harris et al. (2019)). The total electron equivalent speciﬁc activities show a clear
diﬀerence in all three nitrogenases between the reactions under Ar and N2 . When N2
inhibition is observed in Mo-nitrogenase ﬁxed timepoint experiments it usually appears on the order of 20% to 40% reduced electron transfer in the N2 reactions (preliminary data not shown). Interestingly, analysis of the same previously published ﬁxed
timepoint data only shows approximately 30% inhibition in Mo-nitrogenase while V
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and Fe-nitrogenases were inhibited by approximately 15% each (Harris et al. (2019)).
This trend is once again mirrored by the data presented here although the inhibition
for each nitrogenase was signiﬁcantly higher. Panels C and D of Figure 3.2 show
the pN2 dependence of product distribution and total electron ﬂow respectively for
Mo-nitrogenase using data collected and published previously (Harris et al. (2018b)).
Analyzing the complementary data of total electron transfer rates and product distributions simultaneously for Mo-nitrogenase reveals that as the H2 transitions from a
major electron acceptor to the minor acceptor the total electron transfer rates follow
a similar trend albeit diminished in scale as increasing NH3 production oﬀsets the decreasing H2 production rates. Taken together, this suggests but does not necessarily
prove that N2 accepts electrons more slowly than H+ and can only partially alleviate
the decreased electron transfer rates.

Fig. 3.3: Spectrophotometric Reactions. Comparison of S2V oxidation rates between
argon and nitrogen atmospheres for the three nitrogenases.
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The electron transfer rates measured using spectrophotometric methods are similar in scale and trend to those of the ﬁxed timepoint experiments (Figure 3.3). Interestingly, the diﬀerence between the Ar and N2 atmosphere reactions are reduced for
Mo and V-nitrogenase but larger for the Fe-nitrogenase. The large diﬀerence between
the Ar and N2 reaction in the Fe-nitrogenase reactions is more than likely a result
of the much lower overall electron transfer rates. The Fe-nitrogenase Ar reactions
are nearly identical to the ﬁxed timepoint experiments and the N2 reactions are not
substantially diﬀerent (approximately 200 nmol e− /min/mg protein), not far outside
normal deviations observed in ﬁxed timepoint replicate experiments.
Other spectrophotometric experiments have been used in the past to study Monitrogenase electron transfer kinetics including studies using titanium citrate, dithionite, and the original work describing the use of S2V as a nitrogenase reductant although none of the studies published both Ar and N2 spectrophotometric data for
comparison (Badalyan et al. (2019a); Ljones and Burris (1972); Seefeldt and Ensign
(1994)). After observing a lack of N2 inhibition in the spectrophotometric experiments, it became clear that dithionite itself may be responsible for inducing N2
inhibition. Dr. Zhiyong Yang collected data to address this question in a series of
ﬁxed timepoint experiments that used 100% S2V as a Fe protein reductant and found
that the extent of N2 inhibition was the same as dithionite driven experiments (Z.
Yang, personal communication, 2019).
An additional method to probe the N2 inhibition eﬀect is by mediated cyclic
voltammetry. Cyclic voltammetry monitors the electrical current response as a function of applied potential. In the experiments detailed here, a glassy carbon working
electrode was used to ”sweep” the applied potential from a weakly oxidizing potential to a negative potential followed by a return to the inital potential. Experiments
were performed in buﬀer containing the complete nitrogenase enzyme (Fe protein and
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MoFe) as well as methyl viologen as a chemical mediator of electrode to Fe protein
electron transfer. Viologen mediators have been successfully utilized for electrochemical studies of Mo-nitrogenase obtaining the same approximately 14 s−1 rate constant
as has been determined for the same system in ﬁxed timepoint assays (Badalyan et al.
(2019b)).
Two possibilities exist for assessing whether N2 inhibition is observed in mediated
electrochemical reactions. First, mathematical foot-of-wave analyses can yield steady
state rate constants if full optimization of mediator to Fe protein electron transfer
has been achieved (Limoges et al. (2002)). Second, the cyclic voltammograms can
be qualitatively compared under Ar and N2 where enzyme inhibition manifests as
a reduction of foot-of-wave current. The latter is preferred for a comparison of the
three nitrogenases as extensive and separate optimization is required for the V and
Fe-nitrogenases.
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Fig. 3.4: Electrochemical Experiments. Methyl viologen mediated cyclic voltammetry
for Mo (top), V (middle), and Fe (bottom) nitrogenases.
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For direct comparison, the optimized conditions for Mo-nitrogenase mediated
electrochemistry were chosen and applied to all three nitrogenases except the Fenitrogenase which had a 30:1 instead of 20:1 Fe to MFe ratio to accommodate the
diﬀerent electron transfer saturation ratio (Harris et al. (2019)). As seen in Figure
3.4, representative Ar and N2 cyclic voltammograms of the Mo and Fe-nitrogenases
overlay neatly and the sigmoidal catalytic response is readily apparent when compared to the mediator scans. The separation between the mediator and catalytic
currents is less deﬁned in the V-nitrogenase system which is also the only system to
display a diﬀerence between Ar and N2 catalytic currents. The lack of well-deﬁned
catalytic response in the V system largely disqualiﬁes it from serious Ar vs N2 current
comparisons and is included for completeness.
The enzymatic methyl viologen oxidation rate was calculated using a modiﬁed
version of the Randles-Sevcik equation (describes the current associated with a diffusive species) as has been applied previously for determining nitrogenase activity
(Badalyan et al. (2019b). In short, the ratio between the mediator-only and mediator plus enzyme currents at the foot of the wave potential ( 0.8V vs Ag/AgCl) is
used to identify the electrical current associated with mediator to enzyme electron
transfer. The rate determined for the Mo nitrogenase via foot of the wave analysis
(12s−1 ) largely agrees with the results obtained by Badalyan and colleagues as does
the lack of inhibition observed performing the same experiment under an N2 atmosphere (Badalyan et al. (2019b)). This duplication of the Mo-nitrogenase results as
well as the added Fe-nitrogenase data provide qualitative additional evidence that N2
inhibition is not present when measuring electron transfer via reductive current.

3.4.2

Product Inhibition as a Cause of Dinitrogen Inhibition

The ﬁrst possibility for the cause of apparent N2 inhibition in Mo-nitrogenase

54
is an uncontrolled accumulation of one of the reaction products resulting in simple
product inhibition. Two major products are produced under an N2 atmosphere: H2
gas and NH3 . H2 inhibition of total electron ﬂow has already been investigated in ﬁxed
timepoint assays under Ar and N2 resulting in the conclusion that H2 is an inhibitor
of N2 reduction speciﬁcally but not of H+ or total electron equivalent activity (Guth
and Burris (1983)). In other words, H2 is able to divert electron ﬂow away from
N2 reduction and towards H+ reduction but is unable to inhibit the rate at which
electrons are transferred through nitrogenase.
To conﬁrm that neither of the products of Mo-nitrogenase catalysis become inhibitory given suﬃcient time to accumulate, the products were added at concentrations well above those found in typical post-reaction vials. Standard ﬁxed timepoint
experiments rely on product quantitation to calculate electron transfer activities.
Due to this limitation, spectrophotometric experiments and modiﬁed, isotope-labelled
ﬁxed timepoint experiments were used instead to ensure that accurate measurements
of total electron ﬂow could be obtained despite very high starting concentrations of
products.
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Fig. 3.5: Product Inhibition Experiments. (a) Spectrophotometric reactions under
100% argon, 60% nitrogen/40% argon, and 60% nitrogen with 40% hydrogen gas.
(b) Fixed timepoint experiment measuring 14 N H4+ inhibition of proton and nitrogen
reduction under 0.4 atm 15 N2 .

The results in Figure 3.5 show a direct comparison between electron ﬂow under
argon, nitrogen, and a 40% nitrogen/60% hydrogen atmosphere (KM for N2 = approximately 0.1 atm in Mo-nitrogenase) (Christiansen et al. (2000)). There is a small
decrease in the electron transfer rate of this experiment going from an Argon to N2
reaction which is contradictory of previous spectrophotometric experiments but far
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from what is observed in ﬁxed timepoint experiments.
As opposed to further inhibiting electron transfer rates under N2 , H2 had no
negative impact on rates and appeared to relieve the apparent inhibition. This observation is consistent with a preliminary pH2 dependence experiment (SI Figure B.1).
The apparent trend for H2 inhibition to relieve N2 inhibition is in line with the known
binding of H2 to the E4(2N2H) state of MoFe which diverts electron ﬂow towards H+
reduction (Harris et al. (2018b)). This would indicate that diverting electron ﬂow
away from an N2 committed path prevents inhibition of total electron ﬂow that occurs after the binding and reduction of N2 .
This apparent link between the H2 mediated relief of N2 inhibition and H2 ’s competitive inhibition of N2 binding would suggest that N2 inhibition is associated with a
post-E4(2N2H) state of nitrogenase. Interestingly, this same relief of N2 inhibition of
total electron ﬂow by H2 has precedent with the α-H195N mutant of Mo-nitrogenase
(Fisher et al. (2000)). This mutant is incapable of N2 reduction but can reduce protons. Interestingly, proton reduction activity in this mutant can still be inhibited by
N2 despite the inability to reduce N2 as a substrate. The disrupted histidine residue
is postulated to play a role in proton delivery to the active site indicating that proton
availability and its eﬀect on the thermodynamics of electron transfer may play a role
in the N2 inhibition eﬀect.
Having ruled out H2 as an inhibitor of total electron transfer rates, ammonia
remained as a possible inhibitor to evaluate. To overcome the inability to distinguish
between inhibiting ammonia and ammonia produce by nitrogenase catalysis, isotope
labelling was used to diﬀerentiate between the two. Hydrogen inhibition under N2
could potentially be measured by the same methods but access to a GC-MS became
disqualifying in favor of the spectrophotometric assay. H-NMR was used as the means
of discriminating between

15

NH+
4 and

14

NH+
4 . The

15

N isotopologue has a triplet H-
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NMR signal that is distinct from the 14 N doublet whose ppm shift is directly between
the peaks of the former. Figure 3.5 shows the electron transfer activity response to
increasing levels of

14

NH+
4 under a

15

N2 atmosphere. Neither the H2 nor the

15

NH+
4

speciﬁc activities were aﬀected by even millimolar quantities of 14 NH+
4 , well above the
normal ﬁxed timepoint ﬁnal concentrations of NH+
4 in the hundreds of micromolar
range. This provides strong evidence that the buildup of H2 or NH+
4 is not responsible
for N2 inhibition.

3.4.3

Identiﬁcation of Reaction Parameters Contributing to Dinitrogen
Inhibition

Multiple reaction parameters were tested to determine if they inﬂuence the extent of N2 inhibition observed. Solution mixing (gas diﬀusion) and temperature were
chosen to be investigated because both heavily inﬂuence the headspace-solution equilibrium of gas concentrations and both are signiﬁcantly diﬀerent between the ﬁxed
timepoint experiments and the electrochemical/spectrophotometric experiments. The
ﬁxed timepoint experiments are conducted at 30◦ C which is maintained with a water bath. The spectrophotometric and electrochemical experiments both rely on the
somewhat stable temperature of the glovebox atmosphere maintained at approximately 23◦ C. The ﬁxed timepoint experiments are shaken in the water bath’s auto
shaker at 150 min−1 stroke frequency. The electrochemical reactions are stirred via
magnetic stir bar between scans but require that stirring be suspended for the actual
experiment. Spectrophotometric reactions take place in 0.2 cm pathlength cuvettes
making stirring impossible to maintain after the initial mixing via syringe. Furthermore, the extremely small surface area of the solution-headspace boundary makes gas
diﬀusion more of an issue after the initial pre-equilibration of reaction buﬀers with
the desired atmospheres.
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Fig. 3.6: Mixing Experiments. Fixed timepoint, high ﬂux experiments with and
without 150 s−1 shaking.

The emphasis on gas diﬀusion as an underlying determinant of inhibition stems
from the necessity of net N2 and H2 gas diﬀusion into and out of the solvent respectively as the reaction progresses as well as the diﬀusion within the solution to form
homogenous dissolved gas concentrations throughout. In order to determine the eﬀect
of constant mixing on the nitrogenase, Ar and N2 reaction were conducted with and
without constant shaking and the resulting products were quantiﬁed and analyzed as
electron equivalents for head to head comparison between H2 and NH3 (Figure 3.6).
Several important observations can be made from the data presented in Figure 3.6.
First, the extent of N2 inhibition is clearly diﬀerent between the mixing conditions
with the mixed reaction showing 41% inhibition while the unshaken reactions only
show 25% inhibition. Second, product distribution diﬀerences between the shaking
conditions appear to reﬂect a diﬀerence in “ﬂux” or the eﬃciency/speed in which
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Fe protein cycles can be completed to cycle MFe through its E states. An expected
result for an increase in ﬂux would be a reduction in mols H2 as the number of mols of
NH3 increase with the increasing ability to eﬃciently bind and reduce N2 . This is in
fact observed when comparing the N2 reactions. Third, the total electron ﬂow is only
signiﬁcantly diﬀerent between the Ar conditions while the N2 conditions maintained
roughly the same electron transfer rate. The N2 reactions seem to indicate that the
lack of shaking does not signiﬁcantly impair electron transfer capabilities under these
molar stoichiometries (20:1 Fe protein to MoFe) but the Ar reactions still show a
signiﬁcantly lower electron transfer rate. This can be rationalized by invoking the gas
diﬀusion of H2 out of solution. Gas Chromatography relies on the headspace-reaction
mixture equilibrium to be maintained to accurately estimate H2 produced. These
results provide evidence that H2 is being “lost” in solution in the reaction that are
not shaken. Taken altogether, the results of the mixing experiment indicate poor gas
diﬀusion (i.e. no mixing) favors diminished N2 inhibition in ﬁxed timepoint experiments. Stated diﬀerently, H2 gas “lost” in the solution could potentially contribute
to diminishing the eﬀects of observed N2 inhibition which may partially explain why
N2 inhibition is often seen ranging from 20 to 40% as more or less diﬀusion of H2 into
headspace is achieved and thus is detectable.
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Fig. 3.7: Temperature Dependence. (Top) The temperature dependence of total electron transfer rates under Ar and N2 . (Bottom) Temperature dependence of product
distribution in 100% N2 reactions.

A complimentary experiment investigating the eﬀect of temperature on N2 inhibition was conducted to determine if the eﬀect could be explained by this experiment-
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diﬀerentiating parameter instead. The temperature dependence of total electron
transfer rates and electron distribution between the products under an N2 atmosphere
are shown in Figure 3.7. The slopes of the linear best-ﬁt lines were 307 and 222 nmol
e− /min/mg MoFe/◦ C for the Argon and N2 reactions temperature dependencies, respectively. Comparing the 23 to the 30◦ C datapoints (the reaction temperatures
of electrochemical and spectrophotometric vs ﬁxed timepoint experiments) there is
a 1.66 and 1.60-fold increase in reaction rates for Ar and N2 reactions, respectively.
Overall, however, there is no clear trend in the extent of N2 inhibition within the temperature range investigated as shown by the percent inhibition at each data point.
The product distribution within the N2 reaction increased linearly with temperature
for both products with temperature dependencies of 103 nmol e− /min/mg MoFe/◦ C
for H2 and 119 nmol e− /min/mg MoFe/◦ C for NH3 . The increase in electron transfer rates with rising temperature is intuitive and enhances speciﬁc activities of both
products near-uniformly.
An Eyring Plot analysis of the data which in a steady state experiment measures
the rate limiting step of the reaction estimated 13 ± 1 and 14 ± 2 kcal/mol transition
state enthalpies and -9 ± 1 and -7 ± 1 cal/mol*K transition state entropies for the Ar
and N2 data respectively (Figure B.2). The extremely similar transition state thermodynamic parameters would suggest that there is no diﬀerence in the rate limiting step
between the atmospheric conditions although linearly Eyring Plots have proven to be
misleading previously without additional supporting data (Machado et al. (2018)).
Taken together, the temperature dependence under Ar and N2 data indicates that
varying temperature is not responsible for inducing N2 inhibition and that the rate
limiting step is the same under both conditions.
Having ruled out both temperature and mixing eﬀects as being solely responsible from N2 inhibition, the eﬀect of pH on N2 inhibition was investigated. This

62
parameter is not diﬀerent between the ﬁxed timepoint and other experiments but
likely inﬂuential and potentially revealing about the nature of N2 inhibition. Nitrogenase has a typical bell-shaped pH proﬁle for H2 activity under Ar and NH3 activity
under N2 both centered near pH 7.5. Above pH 8.6 and below pH 6.3 MoFe protein’s activity is irreversibly impaired although the Fe protein is insensitive in the
same regions. The percent electron distribution between H2 and NH3 under N2 follow
a mirrored trend where above pH 6.3 towards pH 7.5 there is an increase in NH3
formation and a decrease in H2 approximately equal in magnitude. Making the reaction conditions more alkaline than pH 7.5 reverses the trend with a decrease in NH3
formation and approximately equal degree of enhancement of H2 formation (Pham
and Burgess (1993)). The pH response of nitrogenase is likely due to an interplay of
speciﬁc residues near FeMoco, substrate (H+ ) concentration, and the thermodyanic
eﬀects of pH on charge transfer. Although product distributions under N2 have been
investigated, a direct comparison of the Ar and N2 total electron activity pH proﬁles
has not been published.
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Fig. 3.8: pH Dependence. (a) Fixed timepoint experiments testing the eﬀect of pH on
product distribution in the 100% nitrogen reactions.(b) Nitrogen inhibition between
the two atmospheric conditions.

To investigate the eﬀect of pH on N2 inhibition, a tri-buﬀer system was used
capable of buﬀering from pH 6 to 9 and consisting of buﬀer previously determined
to not interfere with nitrogenase activity (Pham and Burgess (1993)). As can be
seen in Figure 3.8, the product distribution of nitrogenase under N2 did not follow
the same bell-shaped trend through the pH range as previously observed by Pham
and Burgess. Instead, the electron distribution was ﬁxed across the pH range with
N2 receiving 60% of the total electrons and H2 receiving approximately 40% (both
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± approximately 2%). Although unexpected, this result can be rationalized as the
consequence of using a 20:1 molar ratio of Fe protein to MoFe as opposed to the
non-saturating ratio of 5:1 that Pham and Burgess chose for their reactions. As
seen in Figure 3.8b, although the product distribution did not change, increasing the
pH from 6.5 to 8.4 had a signiﬁcant eﬀect on the extent of N2 inhibition observed.
The more rapid decline of N2 reaction’s total electron transfer rates as conditions
become more alkaline suggests a higher dependence on proton concentration (pH)
than simple proton reduction. This is somewhat intuitive considering that proton
reduction requires 2 protons for complete reduction while N2 reduction requires 8 to
10 depending on the base/conjugate acid equilibrium. Interestingly, the bell-shaped
characteristic pH response was attenuated with only slight inﬂections observable.
Because the product distribution remains constant across the pH range sampled,
it is a reasonable assumption that high ﬂux conditions are met across the entire pH
range, not just at the pH optimum. It is impossible using the data collected to say
exactly what process is causing the overall slowing of electron transfer under N2 but
there appears to be a high dependence of this eﬀect on the pH of the solution. Because
the only known site of N2 interaction within the nitrogenase complex is the active
site cofactor, one hypothesis that could potentially explain these observations is that
the reaction kinetics of the N2 reduction mechanism are more sensitive to proton
availability than simple proton reduction. Supporting evidence for this theory exists
in the form of a mutation made to the residue α-Histidine195 which is thought to
be involved in either providing protons to the active site or regulation of this process
(Dance (2005); Fisher et al. (2000)). When the residue H195 was mutated to an
asparagine, the disruption resulted in up to 30% total electron ﬂow inhibition under
N2 (Dilworth et al. (1998)). This phenotype is similar to the N2 inhibition observed in
the ﬁxed timepoint data presented here. Importantly, however, one major diﬀerence
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is that the mutant enzyme is not capable of N2 reduction.
In order for the slowing of nitrogen reduction to inﬂuence the rate of phosphate
release, which the Eyring analysis suggests is still the rate limiting step, it would
require that a signal transduction pathway extend all the way to the P-loop of the
Fe protein which binds the phosphate prior to release. Interestingly, the Fe protein’s
P-loop has previously been hypothesized as playing a signal transduction role in the
“forward” sense of ATP hydrolysis and phosphate release triggering conformational
changes that extend even to the P-cluster and FeMoco potentially regulating intraMoFe electron transfer (Schindelin et al. (1997)). This hypothesis of electron transfer
gating and conformation control of the ungating process has been further supported
by a series of kinetic studies and stands as the likely mechanism for controlling electron
transfer in nitrogenase (Danyal et al. (2011)). Admittedly, however, this hypothesis
is contradictory to the observation that there is a signiﬁcant degree of N2 inhibition
in the spectrophotometric and electrochemical data.
Another key parameter of nitrogenase reactions is the reaction stoichiometry
between the Fe protein and MoFe protein. Altering the Fe protein:MoFe stoichiometry
directly controls the electron transfer rate and subsequently the KM for nitrogen as the
MoFe enzyme must reach the E4(4H) state before being able to undergo the reductive
elimination/oxidative addition step required to bind N2 (Lukoyanov et al. (2016)). To
compare N2 and Ar reactions eﬀectively, three ratios (2,4,8) were chosen that at each
datapoint were not yet unresponsive to increasing Fe protein concentrations but still
produced measurable quantities of NH3 rather than only H2 .
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Fig. 3.9: Flux Dependence. (a) Fixed timepoint experiments testing the eﬀect of Fe
protein:MoFe molar stoichiometry on nitrogen inhibition. (b) Product distribution of
the 100% nitrogen reactions.

Figure 3.9 shows how total electron transfer diﬀerentially eﬀect Ar and N2 reactions as well as the product distributions for N2 reactions at each ﬂux datapoint.
From a 2:1 stoichiometry up to a 20:1 stoichiometry N2 inhibition occurs throughout.
The degree of N2 inhibition increases with ﬂux from 2:1 to 20:1 and nearly tripled
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over the range tested. Like the pH experiment, the extent of N2 inhibition does not
appear to correlate with electron ﬂow towards N2 . Although the extent of N2 inhibition nearly triples, the percentage of electrons accepted by N2 only slightly decreases
from 63% to 57% as the ﬂux increases from 2:1 to 20:1.
Like the pH experiment, there appears to be an uncoupling of the product distribution and N2 inhibition. This is especially apparent when comparing these two
experiments to the pN2 dependence experiments in which the product distribution
and the extent of N2 inhibition seemed to be highly correlated. An early study into
the eﬀect of Fe protein:MoFe protein ratios agreed quite well with the electron distribution results presented here. The authors previously found that the maximum
percentage of electrons accepted by N2 was approximately 60% and that this distribution was reached as low as a 4:1 ratio. Like the data presented here, the surprising
inhibition of total electron ﬂow by further increasing Fe protein to MoFe protein ratios was also observed with the authors remarking that “all experiments under N2
showed a slight decrease in total electron ﬂow” (Wherland et al. (1981)). Because
N2 inhibition is readily observed in ﬁxed timepoint experiments with 100% N2 (KM
= approximately 0.1 atm) and a saturating 20:1 Fe:MoFe ratio, it is unlikely that
diﬀerences in substrate saturation and or KM are to blame.

3.4.4

Addressing Error in Analytical Chemistry as a Potential Cause of
Nitrogen Inhibition

Although much of the evidence presented in this body of work would indicate
that N2 inhibition is more than a simple error of calculation it remains necessary to
address. Errors of analytical chemistry are an attractive explanation for the source of
N2 inhibition as this inhibition is fundamentally a discrepancy between a condition
where only H2 is quantiﬁed via thermal conductivity detector and a condition where
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the results of this analysis are added to the electron equivalents determined by a
ﬂuorometric method of determining NH3 concentrations (argon and nitrogen atmospheres respectively). To address inaccurate quantitative analysis as a cause of N2
inhibition, the analytical procedures used to quantify both products were addressed
separately and then analyzed together to determine if they could potentially combine
to explain the N2 inhibition phenomenon.
First, because the only unique component of the N2 reactions compared to the
argon reactions from the perspective of an analytical chemist is the ﬂuorometric determination of ammonia, this product was investigated ﬁrst. The ﬂuorometric method
that is used to quantify ammonia in our group and others studying nitrogenase was
developed by James Corbin in the 1980’s speciﬁcally to quantify the ammonia produced by nitrogenase reactions (Corbin (1984)). Because of the focus on utility for
nitrogenase research, Corbin investigated the eﬀect of multiple components of standard nitrogenase experiments on the accuracy of NH3 quantiﬁcation via ﬂuorometric
assay including dithionite, sulﬁte, ATP, ADP, inorganic phosphate, MOPS, Mg+
2,
EDTA (for reaction quenching), phosphocreatine, phosphocreatine kinase, and nitrogenase itself. From these studies it was determined that none of the standard reaction
buﬀer components nor the quenching reagent aﬀected the quantiﬁcation of NH+
4 . The
only substantial addition to the reaction buﬀer since the original formulation tested
by Corbin is the addition of 1.3 mg/mL of bovine serum albumin (BSA) to stabilize
the phosphocreatine kinase (Shikama and Yamazaki (1961)).
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Fig. 3.10: Eﬀect of Reaction Buﬀer on Fluorescence Emission. Fluorescence intensities of ammonium chloride standards with and without nitrogenase reaction buﬀer.

To determine if there is any eﬀect of BSA on the ﬂuorometric assay for NH3 ,
two standard curves were constructed, one with, and one without reaction buﬀer
containing BSA. In typical ﬂuorescence assays, 25 μL of quenched reaction buﬀer or
analytical standard are added to 1 mL of an O-pthalaldehyde and 2-mercaptoethanol
buﬀer and allowed to react for 30 minutes prior to ﬂuorescence measurement to allow
for complete formation of the ﬂuorescent derivative. The standard curve with reaction buﬀer shown in Figure 3.10 was treated with 25 μL of nitrogenase reaction buﬀer
in addition to 25 μL of each NH4 Cl standard solution dissolved in deionized water.
The 25 μL diﬀerence in ﬁnal assay volumes results in a 2% dilution of the reaction
buﬀer-containing standards although this caused little to no diﬀerence between the
two standard curves. The linear regression best-ﬁt equations were f (x) = 0.74x+8.23
and f (x) = 0.71x + 20.81 for the standards-only and standards with reaction buﬀer
respectively. The reaction buﬀer-containing equation had a higher emission background emission as evidenced by the y-intercept which is readily explainable by the
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ever-present ammonia found in nitrogenase reaction buﬀer that is subtracted out during data analysis. Additionally, the slope is slightly lower, which results in a diﬀerence
in an ammonia concentration estimates of +10%, 0%, and -2% at emission values of
100, 300, and 500. Despite the seemingly large error at low emission measurements,
the majority of the standard curve overlays quite well between the two conditions,
especially when the variation due to experimental error is considered. Contradictory
evidence was collected by Dr. Zhiyong Yang when he ran this same experiment and
observed approximately 6% suppression of the emission signal from the ﬂuorescent
derivative when the reaction buﬀer was included in the mixture (Z. Yang, personal
communication, 2019) From the combination of the results presented here and the
literature precedent for no buﬀer interference taking place, it is reasonable to hypothesize that this contradictory evidence may be the result of a systematic experimental
error. Despite this, it was still considered as a plausible causative agent of N2 inhibition.
To further conﬁrm the ﬁdelity of our standard curve analysis, an analytical-grade
NH4 Cl standard solution(EMD Millipore, Billerica MA) was purchased and used to
conﬁrm that the NH4 Cl salt (Sigma-Aldrich, St. Louis, MO) used to construct our
standard curves was accurate in its declared > 99.5% purity (Figure B.3).
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Fig. 3.11: Isotope-Labelled Ammonia Quantiﬁcation. (a) Standard curve of 15 NH+
4
H-NMR samples. (b) Total electron transfer rates for ﬁxed timepoint reactions with
ammonia quantiﬁed using H-NMR.

To rule out NH3 analytical errors more deﬁnitively, H-NMR analysis of isotopelabelled

15

NH+
4 was utilized to provide an independent estimate of electron distribu-

tions. Reactions were conducted under either 1 atm of Ar, 0.6 atm Ar/0.4 atm
or 0.6 atm Ar/0.4atm

14

15

N2 ,

N2 . H-NMR analysis is able to discriminate between the

ammonia isotopologues and the quantities of each can be calculated in a sample by
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comparing the area of the downﬁeld (higher ppm) peaks to a standard curve of either
15

NH4 Cl or

14

NH4 Cl made in the same reaction buﬀer at the same pH. As seen in

Figure 3.11, NMR signal areas scale linearly with the concentration of

15

NH4 Cl and

are thus appropriate for standard curve analysis. SI Figure B.4 shows representative
H-NMR sample spectra. Panel b shows the results of the electron transfer rate analysis when quantiﬁed via H-NMR. As expected, based on the ﬂuorometric analyses, N2
inhibition persists when measured via H-NMR and is only slightly diﬀerent between
the isotopes. This reveals two major facts of NH3 quantiﬁcation: 1. N2 inhibition
is independent of the NH3 quantiﬁcation method used. 2. The

15

N2 reactions re-

veal that if there are ammonia quantiﬁcation issues, the likely eﬀect is to diminish
the N2 inhibition eﬀect rather than promote it due to contaminating NH3 inﬂating
rates of electron transfer. The possibility of contaminants in the N2 gas supply was
investigated by gas chromatography coupled to ﬂame ionization and thermal conductivity detection. Neither detection method revealed contaminants in an undiluted gas
sample (data not shown).
Having ruled out ammonia quantiﬁcation as a cause of N2 inhibition, H2 quantiﬁcation was then investigated. H2 is separated from other gases via gas chromatography
and then measured by a thermal conductivity detector. H2 standards are injected into
the same serum vials used for ﬁxed timepoint experiments and the headspace gas is
analyzed to determine the thermal conductivity signal for each volume of H2 after
dilution into the headspace. The peak area for a given volume of H2 is consistent for
months and a single standard curve is accurate if the headspace and liquid volumes
as well as the gas sample volume are kept constant. The error introduced by the
quantiﬁcation of H2 arises primarily from the standard mathematical treatment of
the samples rather than the experimental methods. This makes it conform very well
to ideal gas law equations. The independent variable in H2 standard curve analyses
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is the volume of H2 in microliters. The volume is converted to nanomoles of H2 using
simple gas law equations and the assumption of 1 atm of pressure so that:

n(nmolsH2 ) = 1000 ∗ ((273K ∗ V (μL)/(293K ∗ 22.41(μmols/μL)))

(3.2)

The temperature 293◦ K is assumed to be the average laboratory temperature and
273◦ K/293◦ K scales the function for non-ideal temperatures. 22.41 is the concentration of an ideal gas under standard temperature and pressure conditions in mols/liter.
This is a valid method of determining the mols of gas from a given volume if the inherent assumption of 1 atm pressure is correct. Reaction vials are equilibrated to
room pressure prior to reaction by venting excess pressure through a syringe ﬁlled
with water to prevent backﬂow. All H2 quantiﬁcation performed in our nitrogenase
research has utilized this equation and corresponding assumptions. Using this method
to standardize pressure would be appropriate for the equation above if the experiments were conducted at or near sea level. Instead Logan, Utah has a 4 year daily
average barometric pressure of 85.8 kPa or 0.85 atm (Utah State University, Department of Plants Soils and Climate). Avogadro’s Law dictates that V α n and Boyle’s
Law dictates that V α 1/P which by substitution results in the relationship n α 1/P .
Because of this relationship, the mol estimate for H2 from a given volume of H2 is
overestimated by 15% or the diﬀerence between the true pressure and the idealized
pressure of 1 atm.
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Fig. 3.12: Error Corrections. Corrections for error in product quantiﬁcation to the
ﬁxed timepoint experiment data from Figure 3.2. (a) Corrections to hydrogen quantiﬁcation for atmospheric pressure. (b) Correction to ammonia quantiﬁcation for
ﬂuorescence assay error. (c) Final dataset adjusted for both hydrogen and ammonia
quantiﬁcation error. (d) Calculated nitrogen inhibition by enzyme before and after
error corrections.
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To calculate total electron transfer rates, nanomoles of ammonia are multiplied
by three to convert nanomoles of ammonia into nanomoles of electron equivalents,
dihydrogen is treated the same mathematically except that a hydrogen molecule is
multiplied by two to obtain the electron equivalent measurement. Because of this
diﬀerence of multiplication, errors in NH3 quantiﬁcation have a 150% impact on the
determination of total electron transfer compared to errors of hydrogen quantiﬁcation
(3/2). To visualize the possible impact of the possible but not likely 6% suppression
of emission signals in ﬂuorescence assays for ammonia detection as well as the 15%
overestimate of H2 , the data from Figure 3.2 were reanalyzed with mathematical
corrections for these errors. As can be seen in Figure 3.12. The combination of
mathematically reducing H2 estimates and increasing NH3 estimates does partially
oﬀset the degree of N2 inhibition observed. The corrections made for error of H2 and
NH3 quantiﬁcation together only reduce the observed N2 inhibition of Mo-nitrogenase
by 8% and the alternative nitrogenases by 5% each. The ﬁnal adjusted dataset still
retains the 20 to 40% inhibition that is typically observed in the 100% N2 conditions.
This indicates that barring an unforeseen additional error of analytical methods, the
N2 inhibition eﬀect is a real phenomenon that is relevant to the mechanism of Monitrogenase and not an artifact of quantiﬁcation.

3.5

Conclusions
In the characterization of N2 inhibition, multiple observations have been made

that eliminate many of the initial hypotheses about the source of N2 inhibition and
provide a scaﬀold of constraints to shape new ones. The observation of convincing N2
inhibition only in ﬁxed timepoint experiments and not in experiments measuring the
“front end” electron transfer rates such as the spectrophotometric dye oxidation and
electrochemical experiments provides multiple clues about the nature of N2 inhibi-

76
tion. This observation prompted hypotheses that factors that are unique to the ﬁxed
timepoint experiments must cause the N2 inhibition either through diﬀerences in the
reaction parameters or through diﬀerences in the actual independent variable being
measured. The initial partial pressure dependence revealed that the inhibition increases concomitantly with higher partial pressures of N2 gas used in the experiment.
Early investigations conducted by Dr. Zhiyong Yang revealed that using S2V as an
alternative reductant does not change the degree of N2 inhibition observed which
eliminates dithionite as a sole cause of N2 inhibition. As N2 is considered a chemically inert gas aside from its ﬁxation by nitrogenase or other speciﬁcally designed
catalysts, it is diﬃcult to interpret N2 inhibition as anything other than a speciﬁc
but not yet understood interaction directly with nitrogenase. Due to the diﬀerence
in length between the ﬁxed timepoint and other experiments (minutes vs seconds)
the ﬁrst postulated cause of N2 inhibition was product inhibition either by NH3 or
H2 inhibition of a speciﬁc N2 reduction intermediate. Isotope labelling experiments
conclusively demonstrated a lack of product inhibition even by ammonium concentrations orders of magnitude higher than what is typically produced within the average
length of a ﬁxed timepoint experiment. H2 inhibition was investigated spectrophotometrically using high partial pressures of the gas to attempt to observe inhibition
speciﬁc to N2 reducing conditions. The highest percent headspace compositions of H2
observed in argon atmosphere ﬁxed timepoint experiments were approximately 0.7%
compared to the 40% H2 atmospheres balanced with 60% N2 investigated here. Even
with an incredibly high concentration of H2 gas no inhibition was observed in this
condition compared to another 60% N2 reaction (balanced with argon) and in fact
showed a very slight increase in dye oxidation activity. From these experiments, it is
reasonable to exclude product inhibition as a cause of N2 inhibition.
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Reaction parameters that are diﬀerent between ﬁxed timepoint experiments compared to the electrochemical and spectrophotometric experiments were investigated
individually to identify one that was capable of independently controlling whether
N2 inhibition would be observed or not. To this end, the eﬀects of agitation (diffusion) and temperature were investigated separately. The data from the agitation
experiment appears to indicate that gas diﬀusion does indeed play at least a partial
role in determining the extent of N2 inhibition observed. Because agitation largely
only eﬀects the total electron transfer rates of Ar reactions, the approximately 25%
reduction in quantiﬁed H2 when the reactions were not shaken results in a decrease
in the N2 inhibition metric from 41% to 21%. Three alternative explanations exist
for these observations: 1. Total electron transfer rates are indeed raised by the 25%
quantiﬁed in the Ar reactions and this increase of electron transfer rates causes a
shift in product distribution only under N2 to a slower substrate reduction pathway
that limits the ability to further increase electron transfer rates. 2. The perceived
increase in total electron transfer rates is due to the unshaken reaction’s atmospheres
not yet having reached headspace-liquid equilibrium when hydrogen gas is sampled.
This would require that the product distribution in the reactions under N2 shifted
by pure chance and that there is no slower reduction chemistry. Given the agitation
of the reaction mixtures post-reaction as EDTA is added and greater than or equal
to 5 minutes of equilibration time prior to headspace analysis, it is unlikely that H2
as a relatively insoluble gas does not achieve at least near-equilibrium partial pressures in the headspace. Third, the lack of a cumulative diﬀerence in electron transfer
rates in the N2 reactions could be emblematic of a missing third product that is not
represented in our product quantiﬁcation.
The temperature dependence experiment was an important datpoint because
in addition to the experiment determining whether temperature is the factor that
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determines whether N2 inhibition is observed or not, replotting the data in the form
of an Eyring Plot allows the thermodynamic parameters of the rate limiting step’s
transition state under both Ar and N2 to be measured. The temperature dependence
showed that neither the N2 inhibition nor the electron ﬂow distribution changed
between 20◦ C and 30◦ C even though the reaction rate more than doubled. The
Eyring Plot analysis revealed nearly identical thermodynamic parameters of the rate
limiting step’s transition state. This result would suggest that the rate limiting step
under Ar and N2 are identical but the step is simply slower under N2 . Again, for this
hypothesis to be true it would require addressing the contradictory evidence from the
electrochemical and spectrophotometric experiments. Taken together, this evidence
eliminates temperature as the determinant of whether N2 inhibition is observed and
casts doubt on hypotheses of a new rate limiting step under N2 .
The pH dependence experiments were conducted within nitrogenase’s known active pH range of pH 6.3 to 8.6. The pH response was found to be less pronounced
under the very high 20:1 Fe to MoFe protein ratio compared to the prior study at 5:1
molar ratio. This would suggest that proton availability is less of factor in electron
transfer when there is saturating Fe protein for consistent MoFe protein reduction.
The product distribution was constant throughout the pH range tested although unlike the temperature dependence experiment, pH did profoundly inﬂuence the degree
of N2 inhibition. More alkaline conditions greatly increased the N2 inhibition observed and unlike the subtle bell-shaped response of total electron ﬂow and product
distribution to pH, the N2 inhibition observed increased consistently as the reactions
became more alkaline. This eﬀect cannot be neatly described as the competition
between H+ and N2 for electrons favoring N2 reduction as H+ becomes less available
as a substrate. Instead, the electron distribution is ﬁxed and unchanging above the
idealized 2 NH3 to 1 H2 product distribution for optimal N2 reduction stoichiometry.
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Taken together, these observations suggest that N2 inhibition is not a factor of electron distribution between the known products of nitrogenase catalysis but is sensitive
to the availability of protons. As both proton and nitrogen reduction require protons
to form the fully reduced products and nitrogen is the only substrate that induces
inhibition of total electron ﬂow, one possibility is that a post-E4 intermediate of N2
reduction is either able to leave the active site without full reduction to ammonia or
that one of the post-E4 E-states is uniquely susceptible to electron interception by a
competing unaccounted for substrate.
The ﬂux dependence experiment revealed a second parameter convincingly controls the extent of N2 inhibition observed. As ﬂux increases under N2 , the total
electron transfer to both substrates increased concomitantly in a hyperbolic fashion.
The diﬀerence between the Ar and N2 total electron transfer rates increased with
ﬂux peaking at approximately 30% inhibition. Comparing the eﬀects of increasing
ﬂux and increasing temperature exposes the diﬀerence between two separate methods of increasing electron transfer rates. Despite the results of the ﬂux dependence
experiment, increasing electron transfer rates under N2 does not necessarily induce
more extensive N2 inhibition as can be seen in the temperature dependence experiment. Furthermore, in the pH dependence experiment, N2 inhibition increased with
decreasing total electron ﬂow.
The analytical chemistry experiments identiﬁed H2 overestimation as a possible
contributor to the extent of N2 inhibition but also demonstrated that the quantiﬁcation is accurate enough to not explain N2 inhibition observations by itself. The
ammonium quantiﬁcation was found to be accurate and even a combined analysis assuming that ammonium quantiﬁcation was slightly underestimated could not explain
the eﬀect. The analytical chemistry experiments presented here help to solidify N2
inhibition as a not yet understood aspect of nitrogenase catalysis rather than a result
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of quantitative error.
Overall, signiﬁcant progress has been made towards understanding N2 inhibition.
It is now known that N2 inhibition is a partial pressure dependent slowing of total
electron transfer that occurs in all three nitrogenases of Azotobacter vinelandii when
the reaction rates are measured via product quantiﬁcation. The inhibition is ﬂux and
pH dependent but temperature invariant. The conditions that promote increased N2
vs. H+ reduction were largely the same conditions that also showed increasing N2
inhibition. The results presented here suggest two major hypotheses for dinitrogen
inhibition of electron transfer rates: 1. The phosphate release step of the MoFe
protein cycle is slowed or at least susceptible to inhibition at post-E4 states. 2.
Electron transfer is uninhibited but there is a third product of nitrogenase reactions
under N2 that accepts the missing electrons. The second hypothesis is currently the
most likely as it doesn’t have the burden of explaining why the spectrophotometric
and electrochemical data do not agree with the ﬁxed timepoint experiments. More
research is necessary to build upon this characterization and conﬁrm or refute the
hypotheses proposed here.

3.6

Future Directions
In addition to measuring N2 activity from the electron-focused spectrophoto-

metric and electrochemical experiments as well as product-focused ﬁxed timepoint
experiments, nitrogenase activity can be measured by its ATP hydrolyzing activity.
Work has already been done on this front by several groups providing conﬂicting
results on whether there is a diﬀerence between the ATP/e− ratio under Ar and N2
atmospheres (Erickson et al. (1999); Mensink and Haaker (1992); Watt and Burns
(1977)). Steady state comparisons of the rate of ATP hydrolysis via phosphocreatine
depletion can help to understand the cause of N2 inhibition as these experiments can
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be conducted under ﬁxed timepoint experiment conditions but beneﬁt from quantiﬁcation of an alternate component that could help to conﬁrm or refute conclusions
made from existing data. The studies mentioned above investigated uncoupling of
ATP hydrolysis and electron transfer providing a plausible mechanism for N2 inhibition. Instead of slower chemistry under N2 it is possible that uncoupling is occurring
so that a portion of the Fe protein cycles completed are unproductive.
The diﬀerence in N2 inhibition experienced between the three nitrogenases was
negatively proportional to their eﬃciency of N2 reduction with V and Fe-nitrogenases
being both much less eﬃcient at N2 binding and reduction and experiencing less inhibition by the substrate. It is likely that the response to the parameters investigated
in Mo-nitrogenase reactions is diﬀerent for the other two isozymes and collecting the
same datasets for the other two isozymes could help to reveal the cause of inhibition.
It is possible that dithionite is still involved in the induction of N2 inhibition
although the observation of N2 inhibition in S2V-only reactions suggest otherwise.
Dithionite is never truly absent in the nitrogenase reactions as it is the reductant
used to prevent oxidation by contaminating oxidants during protein extraction. With
protein dilution, there are still concentrations of dithionite in the 0 to 100 μM level at
the ﬁnal reaction concentrations of protein. Protein puriﬁed in the absence of dithionite could be used to identify whether N2 inhibition is aﬃliated with contaminating
dithionite or its oxidation products. This hypothesis must be considered and tested
because of the multiple iron sulfur clusters of nitrogenase capable of interacting with
sulfur-containing compounds.
H-NMR can be used to examine post-reaction buﬀer samples under Ar and N2
in order to survey for an additional products of nitrogenase catalysis under N2 that
is unaccounted for.
Quantitative electrochemical analysis of the three nitrogenase under N2 and Ar
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should be conducted to conﬁrm the tentative qualitative conclusions from the work
presented here. Work is currently under way to optimize mediated electrochemistry
for the three nitrogenases. When this work is completed, quantitative analyses can
produce actual rate constants for comparison under the two conditions.
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CHAPTER 4
Summary
The work presented in this manuscript makes signiﬁcant progress towards the understanding of the nitrogenase mechanism. In Chapter I, a novel use of CdS nanoparticles for light-controlled catalytic reduction of the isolated nitrogenase cofactor was
proposed and tested. This resulted in discovery of a fundamental issue that likely affects most extracted-FeMoco reactivity investigations conducted to date. In Chapter
II, a detailed investigation of the N2 inhibition phenomenon was conducted resulting
in a much deeper understanding about what parameters contribute to the observation of inhibited electron transfer as well as validation that the phenomenon is a true
characteristic of the system.
The CdS:FeMoco system was tested in 3 phases: 1. Veriﬁcation that extracted
cofactor is intact and representative of the holoenzyme’s cofactor. 2. Initial characterization of the CdS:FeMoco’s response to the adjustment of basic light-driven catalytic
reaction parameters. 3. Control experiments to conﬁrm that FeMoco in CdS:FeMoco
reaction mixtures remains intact and retaining the properties of freshly-extracted
cofactor. Phases 2 and 3 were run concurrently.

4.0.1

CdS:FeMoco Light-Driven Catalysis

The ﬁrst phase investigations found that the cofactor when extracted had the
same EPR signature as the holenzyme and retained the ability to restore N2 reduction capabilities to the wild-type enzyme. Phase two investigations found that
CdS:FeMoco reactions behaved like other semiconductor nanoparticle:enzyme systems
in it’s light dependence and had above nanoparticle background activity. Nanorods
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were found to more-eﬃciently catalyze FeMoco reduction than quantum dots raising
interesting questions about which speciﬁc aspect of the dynamic interplay between
surface area, extinction coeﬃcient, and reduction potential gave rise to this very drastic diﬀerence in cofactor reduction kinetics. Phase 3 highlighted deep-seated issues
with the proposed catalytic system; namely that it is currently impossible to determine without prohibitively resource and labor-intensive methods that FeMoco is
the actual catalyst facilitating above-background product formation. These ﬁndings
disqualify the use of the CdS:FeMoco system from use as a tool for cofactor investigations without the development of high-throughput quality controls to address the
issues of FeMoco degradation giving rise to unique catalysts. The future directions of
Chapter I proposed potential solutions and further development of this system. The
ﬁndings that FeMoco degradation products catalyze substrate reduction as well or
better than the extracted cofactor cast doubt on prior studies that did not conduct
post-reaction assessments of FeMoco integrity. It is possible that a large portion of
the “known” catalytic properties of the extracted cofactor are in fact the properties
of a handful of diﬀerent catalysts.

4.0.2

Investigations of Dinitrogen Inhibition

N2 inhibition of total electron transfer rates is an interesting phenomenon as it
is not consistently observed between diﬀerent research groups and there is no clear
methodological diﬀerence accounting for this discrepancy. More importantly, the
existence of such an eﬀect has important implications for the kinetic scheme of nitrogenase reaction mechanisms. The investigations of N2 inhibition fell into four diﬀerent
categories or sections. 1. The use of alternative measures of nitrogenase activity to
solidify N2 inhibition as an integral part of nitrogenase catalysis. 2. The identiﬁcation and testing of non-N2 inhibitors as the source of inhibition. 3. Individual
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investigations of key reaction parameters as inducers-of or unrelated contributors to
N2 inhibition measurements. 4. Identifying and investigating signiﬁcant errors of
analytical chemistry that may give rise to apparent N2 inhibition because of incorrect
product quantiﬁcation.
Using ﬁxed timepoint, spectrophotometric, and electrochemical experiments as
independent veriﬁcations of N2 inhibition resulted in two key ﬁndings. First, that
all three nitrogenases display N2 inhibition that appears to be roughly correlated to
their N2 reduction eﬃciency in ﬁxed timepoint experiments. Second, that this inhibition is only observed in ﬁxed timepoint experiments reliably. These ﬁndings indicate
that there is a unique aspect of the ﬁxed timepoint experiments that induces the
observations of N2 inhibition. The second section investigated the accumulation of
an inhibitory product as a cause of N2 inhibition. Experiments using extremely high
concentrations of H2 and NH+
4 + found that no inhibition of total electron transfer
rates were observed. The third section examined the eﬀect of adjusting parameters of
nitrogenase reactions that diﬀered between the ﬁxed timepoint and other experiment
types. In doing so, several trends were observed. First, experimental conditions that
promoted increased N2 :H+ reduction ratios at a given partial pressure of N2 generally
increased the magnitude of N2 inhibition observed. Second, temperature dependencies of total electron transfer activity under Ar and N2 were invariant suggesting that
the rate limiting step is identical for MoFe that is only catalyzing proton reduction
vs. MoFe catalyzing predominantly N2 reduction (or at least the thermodynamic
parameters are nearly equivalent). Third, the pH dependance experiment revealed
that the extent of N2 inhibition is extremely sensitive to pH. The mechanistic significance of this ﬁnding is diﬃcult to interpret but it does suggest that the measured
electron transfer rates post-E4 are more dependent upon proton concentration. In
section 4, analytical chemistry controls were run to conﬁrm that N2 inhibition is not
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a result of an over- or underestimation of one of the reaction products. Errors in the
quantiﬁcation of H2 and NH3 were measured separately and then the corrections for
these errors were applied to the ﬁxed timepoint data from section one. From these
ﬁndings it was possible to conclude that N2 inhibition is not an artifact of known
quantiﬁcation errors and is likely a real phenomenon. Two hypotheses were proposed
for the cause of N2 inhibition: 1. A post E4 reaction state either prematurely releases
reaction intermediates that are unaccounted for or a competing substrate is able to
bind the cofactor and accept electrons post-E4. The high pH sensitivity may be a very
important clue in identifying the unknown electron acceptor in this hypothesis. 2.
Post-E4 intermediates are uniquely susceptible to inhibition at the phosphate release
step of the Fe protein cycle. The ﬁrst hypothesis was identiﬁed as the most plausible
as there is no contradictory data collected to date.
In summary, the work presented here has helped to further the nitrogenase research ﬁeld’s understanding of the enzyme both from the level of cofactor reactivity
as well as the central N2 reduction mechanism of nitrogenase.
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APPENDIX A
Chapter I Supplementary Information

Fig. A.1: N2 Inhibition of FeMoco Proton Reduction Activity. (Background CdS-only
rates subtracted.)

Fig. A.2: Substrate Reduction Table. Comparison of substrate reduction rates between CdS(nanorod):FeMoco system and Fe protein:MoFe system. FeMoco rates
observed under 100% Ar and 10% acetylene/90% at a 1:1 nanorod:FeMoco ratio.
MoFe rates observed under 100% Ar and 10% acetylene/90% at a 20:1 Fe protein to
MoFe ratio.
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APPENDIX B
Chapter II Supplementary Information

Fig. B.1: Spectrophotometric pH2 Experiment. Spectrophotometric reactions comparing the total electron transfer rates between Ar and N2 at diﬀerent partial pressures
of H2
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Fig. B.2: Eyering Plot constructed using the data from Figure 3.7

Fig. B.3: Analytical Standard Comparison. Ammonia ﬂuorescence assay standard
curves using standard NH4 Cl salt and pre-made analytical standard solutions
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Fig. B.4: H-NMR Spectra Background and post-reaction H-NMR spectra for data
14
from Figure 3.11. 15 NH+
NH+
4 triplet and
4 doublet centered at 6.90 ppm with 73.2
Hz and 52.2 Hz J-couplings respectively
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Fig. B.5: Dithionite Spectrophotometric Reactions Spectrophotometric reactions
monitoring sodium dithionite oxidation at 315 nm. Data shown represents triplicate measurements.

